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US 9,166,021 B2

1
SEMICONDUCTOR DEVICE AND METHOD
FOR MANUFACTURING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an object, a method, a
manufacturing method, a process, a machine, manufacture, or
a composition of matter. In particular, one embodiment of the
present invention relates to a semiconductor device, a display
device, a light-emitting device, a driving method thereof, or a
manufacturing method thereof.

In this specification, a semiconductor device generally
means a device which can function by utilizing semiconduc-
tor characteristics. Electro-optical devices, display devices,
memory devices, semiconductor circuits, and electronic
devices are in some cases included in semiconductor devices
and in other cases include semiconductor devices.

2. Description of the Related Art

Attention has been focused on a technique for forming a
transistor using a semiconductor layer (also referred to as a
thin film transistor (TFT)). The transistor is applied to a wide
range of electronic devices such as an integrated circuit (IC)
or an image display device (display device). A silicon-based
semiconductor layer is widely known as a semiconductor
layer applicable to such a transistor. As another material, an
oxide semiconductor layer is attracting attention.

For example, a transistor including an amorphous oxide
semiconductor layer containing indium (In), gallium (Ga),
and zinc (Zn) in a channel formation region is disclosed (see
Patent Document 1).

In a transistor including an oxide semiconductor layer
serving as a channel formation region, an oxygen vacancy
(also referred to as an oxygen defect) is generated by release
of oxygen from the oxide semiconductor layer, and a carrier
is generated owing to the oxygen vacancy. It is known that, to
solve the above problem, oxygen released from a silicon
oxide film containing excess oxygen is supplied to the oxide
semiconductor layer to fill the oxygen vacancy in the oxide
semiconductor layer, whereby a highly reliable semiconduc-
tor device with small change in electrical characteristics can
be provided (see Patent Document 2).

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2006-165528

[Patent Document 2] Japanese Published Patent Application
No. 2012-19207

SUMMARY OF THE INVENTION

In order to achieve high-speed operation, low power con-
sumption, or high integration of a transistor including an
oxide semiconductor layer, it is becoming more necessary to
miniaturize the transistor. For example, high-speed operation
of the transistor can be achieved by shortening the channel
length.

However, short channel length of a transistor causes a
decrease in threshold voltage, an increase in leakage current,
or the like. This is because an electric field of a drain reaches
the vicinity of a source when the channel length is short.

In view of the above problem, an object is to provide stable
electrical characteristics and high reliability for a miniatur-
ized semiconductor device or the like including an oxide
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2

semiconductor layer. Another object is to provide a miniatur-
ized semiconductor device or the like. Another object is to
provide a semiconductor device or the like with stable elec-
trical characteristics. Another object is to provide a highly
reliable semiconductor device or the like. Further, another
object is to provide a method for manufacturing the above
semiconductor device or the like. Note that the descriptions of
these objects do not disturb the existence of other objects. In
one embodiment of the present invention, there is no need to
achieve all the objects. Other objects will be apparent from
and can be derived from the description of the specification,
the drawings, the claims, and the like.

A semiconductor device of one embodiment of the present
invention includes a base insulating layer; an oxide stack
which is over the base insulating layer and includes an oxide
layer and an oxide semiconductor layer having an electron
affinity higher than that of the oxide layer by 0.1 eV or more;
a source electrode layer and a drain electrode layer in contact
with the oxide stack; a gate insulating layer over the oxide
stack, the source electrode layer, and the drain electrode
layer; a gate electrode layer over the gate insulating layer; and
an interlayer insulating layer over the gate electrode layer.
The oxide semiconductor layer has a low defect density.

For example, the oxide semiconductor layer in the semi-
conductor device has a spin density of 1.5x10"® spins/cm’ or
less, preferably 1x10'7 spins/cm? or less corresponding to a
signal at a g-factor of 1.93 in electron spin resonance (ESR)
spectroscopy. Note that the spin density corresponding to a
signal at a g-factor of 1.93 in electron spin resonance spec-
troscopy represents the number of oxygen vacancies in the
oxide semiconductor layer. The g-factor corresponding to
oxygen vacancies varies depending on, for example, the com-
position of the oxide semiconductor layer; thus, the g-factor
may deviate within a range of about 5% and is preferably
about 1.90 to 1.95.

Further, it is preferable that the gate insulating layer have a
spin density of 2x10'® spins/cm® or more, preferably 2x10"°
spins/cm> or more corresponding to a signal at a g-factor of
2.001 in electron spin resonance spectroscopy. Note that the
spin density corresponding to a signal at a g-factor 0o£2.001 in
electron spin resonance spectroscopy represents the number
of dangling bonds in the gate insulating layer. The g-factor
varies depending on the composition or the kind of the insu-
lating layer; thus, the g-factor may deviate within a range of
about +5% and is preferably about 2.00 to 2.01.

Thus, one embodiment of the present invention is a semi-
conductor device including a base insulating layer; an oxide
stack including an oxide layer over the base insulating layer
and an oxide semiconductor layer having an electron affinity
higher than that of the oxide layer by 0.1 eV or more; a source
electrode layer and a drain electrode layer in contact with the
oxide stack; a gate insulating layer over the oxide stack, the
source electrode layer, and the drain electrode layer; a gate
electrode layer over the gate insulating layer; and an inter-
layer insulating layer over the gate electrode layer. The oxide
semiconductor layer has a spin density of 1.5x10"® spins/cm?®
or less corresponding to a signal at a g-factor of greater than
or equal to 1.90 and less than or equal to 1.95 in electron spin
resonance spectroscopy. The gate insulating layer has a spin
density of 2x10*® spins/cm’ or more corresponding to a signal
at a g-factor of greater than or equal to 2.00 and less than or
equal to 2.01 in electron spin resonance spectroscopy.

In a region including at least the oxide stack and the gate
insulating layer in the above semiconductor device, a spin
density of 1.5x10'2 spins/cm? or less corresponding to a sig-
nal at a g-factor of greater than or equal to 1.90 and less than
or equal to 1.95 and a spin density of 2x10'? spins/cm® or
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more corresponding to a signal at a g-factor of greater than or
equal to 2.00 and less than or equal to 2.01 are obtained by
electron spin resonance spectroscopy.

Thus, one embodiment of the present invention is a semi-
conductor device including an oxide stack including an oxide
layer and an oxide semiconductor layer that is over the oxide
layer and has an electron affinity higher than that of the oxide
layer by 0.1 eV ormore; a gate insulating layer in contact with
the oxide stack; and a gate electrode layer overlapping with
the oxide stack with the gate insulating layer therebetween. A
spin density corresponding to a signal at a g-factor of greater
than or equal to 1.90 and less than or equal to 1.95 is 1.5x10"2
spins/cm? or less and a spin density corresponding to a signal
at a g-factor of greater than or equal to 2.00 and less than or
equal to 2.01 is 2x10'? spins/cm? or more in electron spin
resonance spectroscopy.

The oxide layer and the oxide semiconductor layer contain
at least indium. The proportion of indium in the oxide semi-
conductor layer is preferably higher than that in the oxide
layer. The oxide layer and the oxide semiconductor layer
preferably contain at least indium and zinc. Further, the oxide
layer and the oxide semiconductor layer preferably contain
one or more elements selected from Ga, Fe, Mn, and Co.

The oxide semiconductor layer preferably includes a crys-
tal whose c-axis is aligned in a direction substantially perpen-
dicular to an upper surface of the oxide semiconductor layer.

The concentration of silicon contained in the oxide semi-
conductor layer is preferably lower than 2x10'® atoms/cm?,
further preferably lower than 2x10'7 atoms/cm>.

Another embodiment of the present invention is a method
for manufacturing a semiconductor device including the steps
of forming a base insulating layer; forming an oxide stack
including an oxide semiconductor layer over the base insu-
lating layer; forming a source electrode layer and a drain
electrode layer over the oxide stack; forming a gate insulating
layer over the oxide stack, the source electrode layer, and the
drain electrode layer; forming a gate electrode layer over the
gate insulating layer; forming an interlayer insulating layer
over the gate electrode layer; and performing heat treatment
at a temperature higher than or equal to 300° C. and lower
than 450° C. after forming the interlayer insulating layer. The
gate insulating layer is formed by a plasma CVD method with
the pressure inside a treatment chamber set to higher than or
equal to 100 Pa and lower than or equal to 300 Pa.

Further, heat treatment may be performed after formation
of the oxide stack. In addition, oxygen may be implanted to
the base insulating layer by an ion implantation method.

According to one embodiment of the present invention, a
miniaturized transistor including an oxide semiconductor can
be formed. Further, the reliability of the transistor can be
improved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are a cross-sectional view and a top view
of'a semiconductor device of one embodiment of the present
invention.

FIG. 2 illustrates a band structure in a semiconductor
device of one embodiment of the present invention.

FIGS. 3A to 3D illustrate a method for manufacturing a
semiconductor device of one embodiment of the present
invention.

FIGS. 4A and 4B illustrate a method for manufacturing a
semiconductor device of one embodiment of the present
invention.
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FIGS. 5A to 5C are cross-sectional views each illustrating
a semiconductor device of one embodiment of the present
invention.

FIGS. 6A and 6B are circuit diagrams each illustrating a
semiconductor device of one embodiment of the present
invention.

FIGS. 7A to 7C are circuit diagrams and a conceptual
diagram each illustrating a semiconductor device of one
embodiment of the present invention.

FIG. 8 is a cross-sectional view illustrating a semiconduc-
tor device of one embodiment of the present invention.

FIG. 9 is a block diagram illustrating a semiconductor
device of one embodiment of the present invention.

FIG. 10 is a block diagram illustrating a semiconductor
device of one embodiment of the present invention.

FIG. 11 is a block diagram illustrating a semiconductor
device of one embodiment of the present invention.

FIGS. 12A and 12B illustrate an electronic device includ-
ing a semiconductor device of one embodiment of the present
invention.

FIG. 13 shows the amount of released oxygen in thermal
desorption spectroscopy (TDS).

FIG. 14 shows the amount of oxygen released from silicon
oxynitride films.

FIGS. 15A to 15C each show the result of ESR measure-
ment performed on an oxide semiconductor layer.

FIG. 16 shows the spin densities of oxide semiconductor
layers.

FIGS. 17A to 17C each show the result of ESR measure-
ment performed on a silicon oxynitride film.

FIG. 18 shows the spin densities of silicon oxynitride films.

FIG. 19 shows the etching rates of silicon oxynitride films.

FIG. 20 shows the results of measuring nitrogen concen-
trations in silicon oxynitride films by SIMS.

FIGS. 21A to 21C each show the amount of released hydro-
gen in TDS.

FIGS. 22 A to 22C each show the amount of released water
in TDS.

FIGS. 23 A to 23C each show the amount of released nitro-
gen in TDS.

FIGS. 24A to 24C each show the amount of released oxy-
gen in TDS.

FIG. 25 shows XPS spectra of silicon oxynitride films.

FIG. 26 shows XPS spectra of a silicon oxynitride film.

FIG. 27 shows XPS spectra of a silicon oxynitride film.

FIG. 28 shows XPS spectra of a silicon oxynitride film.

FIGS. 29A to 29C each show the result of ESR measure-
ment performed on an oxide semiconductor layer.

FIG. 30 shows the spin densities of oxide semiconductor
layers.

FIG. 31 shows the results of measuring indium concentra-
tions in silicon oxynitride films by SIMS.

FIGS. 32A and 32B show the results of measuring hydro-
gen concentrations and carbon concentrations in oxide semi-
conductor layers by SIMS.

FIGS. 33A and 33B show the results of measuring nitrogen
concentrations and fluorine concentrations in oxide semicon-
ductor layers by SIMS.

FIG. 34 shows characteristics of transistors which differ in
the pressure in deposition of gate insulating layers.

FIGS. 35A and 35B each show electrical characteristics of
transistors.

FIG. 36 shows the results of a gate bias-temperature (BT)
stress test performed on transistors.

FIGS. 37A1, 37A2, 37B1, 37B2, 37C1, and 37C2 each
show the Vg-1d characteristics of a transistor before and after
a gate BT stress test.
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FIGS. 38A1, 38A2, 38B1, 38B2, 38Cl1, and 38C2 each
show the Vg-1Id characteristics of a transistor before and after
a gate BT stress test.

FIGS. 39A1, 39A2, 39B1, 39B2, 39C1, and 39C2 each
show the Vg-1Id characteristics of a transistor before and after
a gate BT stress test.

FIG. 40 shows the results of a gate BT stress test performed
on transistors.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments and examples of the present
invention will be described in detail with reference to the
accompanying drawings. However, the present invention is
not limited to the description below, and it is easily under-
stood by those skilled in the art that modes and details thereof
can be modified in various ways. Therefore, the present
invention is not construed as being limited to description of
the embodiments and the examples.

In embodiments hereinafter described, the same parts are
denoted with the same reference numerals throughout the
drawings in some cases. Note that the thickness, width, rela-
tive positional relation, and the like of components, i.e., a
layer, a region, and the like, which are illustrated in the
drawings are exaggerated for clarification of descriptions of
the embodiments in some cases.

Note that the term such as “over” in this specification and
the like does not necessarily mean that a component is placed
“directly on” another component. For example, the expres-
sion “a gate electrode layer over an insulating layer” does not
exclude the case where there is an additional component
between the insulating layer and the gate electrode layer. The
same applies to the term “below”.

In this specification and the like, the term “electrode layer”
or “wiring layer” does not limit the function of components.
For example, an “electrode layer” can be used as part of a
“wiring layer”, and the “wiring layer” can be used as part of
the “electrode layer”. In addition, the term “electrode layer”
or “wiring layer” can also mean a combination of a plurality
of “electrode layers” or “wiring layers”, for example.

Functions of a “source” and a “drain” are sometimes
replaced with each other when a transistor of opposite polar-
ity is used or when the direction of current flow is changed in
circuit operation, for example. Therefore, the terms “source”
and “drain” can be replaced with each other in this specifica-
tion.

Note that in this specification and the like, the term “elec-
trically connected” includes the case where components are
connected through an object having any electric function.
There is no particular limitation on an object having any
electric function as long as electric signals can be transmitted
and received between components that are connected through
the object.

Examples of an “object having any electric function” are an
electrode and a wiring.

In this specification, a term “parallel” indicates that the
angle formed between two straight lines is greater than or
equal to —10° and less than or equal to 10°, and accordingly
also includes the case where the angle is greater than or equal
to —5° and less than or equal to 5°. In addition, a term “per-
pendicular” indicates that the angle formed between two
straight lines is greater than or equal to 80° and less than or
equal to 100°, and accordingly includes the case where the
angle is greater than or equal to 85° and less than or equal to
95°.

In this specification, trigonal and rhombohedral crystal
systems are included in a hexagonal crystal system.
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<Structure of Transistor>

A transistor 420, which is a semiconductor device of one
embodiment of the present invention, is described with ref-
erence to FIGS. 1A and 1B. FIG. 1B is a top view of the
transistor 420 and FIG. 1A is a cross-sectional view taken
along dashed-dotted line A-B in FIG. 1B.

The transistor 420 includes a base insulating layer 402 over
a substrate 400; an oxide stack 404 including an oxide layer
404q over the base insulating layer 402, an oxide semicon-
ductor layer 4045 over the oxide layer 404a, and an oxide
layer 404¢ over the oxide semiconductor layer 4045; a source
electrode layer 4064 and a drain electrode layer 4065 over the
oxide stack 404; a gate insulating layer 408 over the oxide
stack 404, the source electrode layer 4064, and the drain
electrode layer 4065; a gate electrode layer 410 over the gate
insulating layer 408; an interlayer insulating layer 412 and an
interlayer insulating layer 414 over the gate electrode layer
410; and a source wiring layer 416« and a drain wiring layer
4165 connected to the source electrode layer 406a and the
drain electrode layer 4065 through openings formed in the
gate insulating layer 408, the interlayer insulating layer 412,
and the interlayer insulating layer 414. Note that a transistor
operates as long as it includes at least a semiconductor layer
serving as a channel formation region, a gate insulating layer,
and a gate electrode layer overlapping with the semiconduc-
tor layer with the gate insulating layer provided therebe-
tween. Accordingly, the transistor 420 includes at least the
oxide stack 404, the gate insulating layer 408, and the gate
electrode layer 410; one or more of the base insulating layer
402, the source electrode layer 4064, the drain electrode layer
4065, the interlayer insulating layer 412, the source wiring
layer 416a, and the drain wiring layer 4165 may be omitted.
<Oxide Stack>

The oxide stack 404 includes the oxide layer 404a, the
oxide semiconductor layer 4045 over the oxide layer 404a,
and the oxide layer 404¢ over the oxide semiconductor layer
4045. Here, the oxide stack 404 includes three layers; how-
ever, the oxide stack may include two layers or four or more
layers as long as the oxide stack is a stack of multiple oxide
layers including an oxide semiconductor layer. For example,
the oxide stack may be a stack of two layers: an oxide semi-
conductor layer and an oxide layer which is formed between
the oxide semiconductor layer and a gate insulating layer; or
an oxide layer formed over a base insulating layer and an
oxide semiconductor layer formed over the oxide layer.

Materials are appropriately selected for the oxide stack 404
so that a channel is formed in the oxide semiconductor layer
4045 by an electric field of the gate electrode layer 410. With
such a structure, the channel can be formed apart from the
base insulating layer 402 and the gate insulating layer 408.
Thus, entry of an impurity to the channel from the base
insulating layer 402 and the gate insulating layer 408 can be
prevented. For example, in the case where an insulating layer
containing silicon (hereinafter also referred to as a silicon
insulating layer), such as a silicon oxide film, a silicon oxyni-
tride film, a silicon nitride oxide film, or a silicon nitride film,
is used as each of the base insulating layer 402 and the gate
insulating layer 408, silicon contained in the base insulating
layer 402 and the gate insulating layer 408 can be prevented
from entering the oxide semiconductor layer 4044.

Here, silicon oxynitride means the one that contains more
oxygen than nitrogen. For example, silicon oxynitride con-
tains at least oxygen, nitrogen, and silicon at concentrations
ranging from greater than or equal to 50 atomic % and less
than or equal to 70 atomic %, greater than or equal to 0.5
atomic % and less than or equal to 15 atomic %, and greater
than or equal to 25 atomic % and less than or equal to 35
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atomic %, respectively. Note that the above ranges are
obtained in the case where measurement is performed using
Rutherford backscattering spectrometry or hydrogen forward
scattering (HFS). In addition, the total of the percentages of
the constituent elements does not exceed 100 atomic %.

To form a channel in the oxide semiconductor layer 4045,
the oxide stack is preferably structured such that the depth of
the bottom of the conduction band from the vacuum level
(electron affinity) in the oxide semiconductor layer 4045 is
greatest in the oxide stack. Accordingly, in the transistor 420,
materials are appropriately selected so that the electron affin-
ity ofthe oxide semiconductor layer 4045 is greater than those
of'the oxide layer 4044 and the oxide layer 404¢. A difference
in electron affinity between the oxide semiconductor layer
4045 and the oxide layer 404a and a difference in electron
affinity between the oxide semiconductor layer 4045 and the
oxide layer 404¢ are each preferably greater than or equal to
0.1 eV, further preferably greater than or equal to 0.15 eV.
With such a structure, the bottom of the conduction band in
the oxide semiconductor layer 4045 has lower energy level
than those of the conduction band in the oxide layer 404a and
the oxide layer 404c¢; thus, a current path of the transistor 420
is formed in the oxide semiconductor layer 4045.
<Band Structure of Oxide Stack>

The band structure of the oxide stack 404 is described with
reference to FIG. 2.

FIG. 2 shows the band structure in the following case: the
oxide layer 404a was formed using an In—Ga—Z7n oxide
having an energy gap of 3.15 eV, the oxide semiconductor
layer 4045 was formed using an In—Ga—Z7n oxide having an
energy gap of 2.8 eV, and the oxide layer 404¢ was formed
using an oxide layer whose physical properties are similar to
those of the oxide layer 404a. Further, the energy gap in the
vicinity of the interface between the oxide layer 4044 and the
oxide semiconductor layer 4045 and the energy gap in the
vicinity of the interface between the oxide layer 404¢ and the
oxide semiconductor layer 4045 were each 3 eV. The energy
gaps were measured using a spectroscopic ellipsometer (UT-
300 manufactured by HORIBA JOBIN YVON S.A.S.). The
thicknesses of the oxide layer 404a, the oxide semiconductor
layer 4045, and the oxide layer 404c¢ were each 10 nm.

FIG. 2 schematically shows a band diagram of the base
insulating layer 402, the oxide stack 404, and the gate insu-
lating layer 408. In FIG. 2, the case where silicon oxide films
are provided as the oxide layer 4044 and the oxide layer 404¢
is shown. Here, Evac denotes the energy of the vacuum level,
and Ec denotes the energies of the bottoms of the conduction
band in the base insulating layer 402, the oxide stack 404, and
the gate insulating layer 408.

As shown in FIG. 2, the energy of the bottom of the con-
duction band is changed continuously between the oxide
layer 404a, the oxide semiconductor layer 4045, and the
oxide layer 404c¢. This is because oxygen is diffused among
the oxide layer 4044, the oxide semiconductor layer 4045,
and the oxide layer 404c.

Note that FIG. 2 shows the case where the oxide layers
404a and 404¢ have similar physical properties; however, the
oxide layers 404a and 404¢ may have difterent physical prop-
erties.

According to FIG. 2, the oxide semiconductor layer 4045
of the oxide stack 404 serves as a well and a channel of the
transistor including the oxide stack 404 is formed in the oxide
semiconductor layer 4045.

Note that when the energy gap between the oxide layer
404a or the oxide layer 404c¢, and the oxide semiconductor
layer 4045 is small, an electron in the oxide semiconductor
layer 4045 might reach the trap level by passing over the
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energy gap. When an electron is trapped in the trap level, a
negative fixed charge is generated; thus, the threshold voltage
of' the transistor is shifted in the positive direction.

Thus, the energy gap between the oxide layer 404a and the
oxide semiconductor layer 4045 and the energy gap between
the oxide layer 404¢ and the oxide semiconductor layer 4045
are each preferably greater than or equal to 0.1 eV, more
preferably greater than or equal to 0.15 eV because the
amount of change of the threshold voltage of the transistor is
reduced and the transistor has stable electrical characteristics.

The oxide layer 404a and the oxide layer 404¢ each may be
either an insulating film or a film having semiconductor char-
acteristics as long as it has a smaller electron affinity than the
oxide semiconductor layer 4045. Note that oxide layers
which do not contain an impurity such as silicon or hydrogen
as a main component are used as the oxide layer 404a and the
oxide layer 404¢ so that a trap level is not formed at the
interface between the oxide semiconductor layer 4045 and
each of the oxide layer 404q and the oxide layer 404¢, which
are formed in contact with the oxide semiconductor layer
404b. In particular, when the oxide semiconductor layer 4045
contains the same main component as the oxide layer 404a
and the oxide layer 404c, interface scattering between the
oxide semiconductor layer 4045 and each of the oxide layer
4044 and the oxide layer 404c¢ can be prevented, leading to a
reduction in the number of trap levels.

For example, in the case where the oxide semiconductor
layer 40454 is formed using an In—Ga—Z7n oxide target con-
taining In, Ga, and Zn at an atomic ratio of 1:1:1, the oxide
layer 4044 and the oxide layer 404¢ are preferably formed
using an In—Ga—Z7n oxide target containing In, Ga, and Zn
at an atomic ratio of 1:3:2.
<Impurity in Oxide Semiconductor Layer>

It is effective to make the oxide semiconductor layer 4045
be a highly purified intrinsic oxide semiconductor so that a
transistor including the oxide stack 404 has stable electrical
characteristics. Specifically, the carrier density of the oxide
semiconductor layer 4045 is set to be lower than 1x10'"/cm?,
lower than 1x10'/cm?, or lower than 1x10'3/cm?. In the
oxide semiconductor layer 4045, hydrogen, nitrogen, carbon,
silicon, and a metal element other than a main component
become an impurity. In order to reduce the concentration of
impurities in the oxide semiconductor layer 4045, it is pref-
erable to also reduce the concentration of impurities in the
oxide layers 404a and 404¢ which are close to the oxide
semiconductor layer 4045 to a value almost equal to that in
the oxide semiconductor layer 4045.

Particularly when elements such as silicon (Si), germa-
nium (Ge), carbon (C), hathium (Hf), and titanium (Ti) are
contained in the oxide semiconductor layer 4045 at a high
concentration, an impurity state due to the elements is formed
in the oxide semiconductor layer 4045. In some cases, the
impurity state becomes a trap, which degrades electrical char-
acteristics of the transistor. In order to prevent degradation of
the electrical characteristics of the transistor, the concentra-
tion of the elements in the oxide semiconductor layer 4045 is
set to be lower than 1x10"° atoms/cm®, preferably lower than
2x10"® atoms/cm®, further preferably lower than 2x10"7
atoms/cm>. Moreover, the concentrations of the elements at
the interface between the oxide layer 404a and the oxide
semiconductor layer 4045 and the interface between the
oxide semiconductor layer 4045 and the oxide layer 404c¢ are
each set to be lower than 1x10'® atoms/cm?>, preferably lower
than 5x10'® atoms/cm®, more preferably lower than 1x10'®
atoms/cm’.

Further, hydrogen and nitrogen in the oxide semiconductor
layer 4045 form donor levels, which increase carrier density.
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In order to make the oxide semiconductor layer 4045 intrinsic
or substantially intrinsic, the concentration of hydrogen in the
oxide semiconductor layer 4045, which is measured by sec-
ondary ion mass spectrometry (SIMS), is set to be lower than
or equal to 2x10?° atoms/cm?, preferably lower than or equal
to 5x10'° atoms/cm®, more preferably lower than or equal to
1x10'? atoms/cm?, still more preferably lower than or equal
to 5x10'® atoms/cm’. The concentration of nitrogen in the
oxide semiconductor layer 404b, which is measured by
SIMS, is set to be lower than 5x10"° atoms/cm?, preferably
lower than or equal to 5x10'® atoms/cm>, more preferably
lower than or equal to 1x10'® atoms/cm?, still more prefer-
ably lower than or equal to 5x10'7 atoms/cm®.

Note that when silicon and carbon are contained in the
oxide semiconductor layer 4045 at a high concentration, the
crystallinity of the oxide semiconductor layer 4045 is lowered
in some cases. In order not to lower the crystallinity of the
oxide semiconductor layer 4045, the concentration of silicon
in the oxide semiconductor layer 4045 is set to be lower than
1x10* atoms/cm?, preferably lower than 5x10"® atoms/cm?,
more preferably lower than 1x10'® atoms/cm?®. Moreover, in
order not to lower the crystallinity of the oxide semiconductor
layer 4045, the concentration of carbon in the oxide semicon-
ductor layer 4045 is set to be lower than 1x10'® atoms/cm?,
preferably lower than 5x10'® atoms/cm?®, more preferably
lower than 1x10*® atoms/cm?>. Description of the crystallinity
of the oxide semiconductor layer 4045 will be given later.

When the oxide semiconductor layer 4045 contains hydro-
gen, hydrogen serves as a donor and changes the character-
istics of the transistor. Thus, it is preferable that the concen-
tration of hydrogen contained in the oxide semiconductor
layer be lower than 5x10'® atoms/cm?, preferably lower than
or equal to 1x10'® atoms/cm?, further preferably lower than
or equal to 5x10"7 atoms/cm?, still further preferably lower
than or equal to 1x10'® atoms/cm?.
<Spin Density of Oxide Semiconductor Layer>

Oxygen vacancies in the oxide semiconductor layer 4045
form donors and serve as carriers; thus, when oxygen vacan-
cies are formed in the oxide semiconductor layer, the charac-
teristics of the transistor are changed and the reliability
thereofis lowered. Accordingly, the number of oxygen vacan-
cies in the oxide semiconductor layer is preferably reduced.
For example, it is preferable that the oxide semiconductor
layer have a spin density of 1.5x10'® spins/cm? or less, further
preferably 1x10'7 spins/cm? or less corresponding to a signal
ata g-factor of 1.93 (greater than or equal to 1.90 and less than
or equal to 1.95) in electron spin resonance spectroscopy in
which a magnetic field is applied in parallel to the film sur-
face. In addition, it is preferable that the oxide semiconductor
layer have a spin density per unit area of 1.5x10' spins/cm>
or less, further preferably 1x10'! spins/cm? or less corre-
sponding to the signal at a g-factor of 1.93. Note that the spin
density corresponding to a signal at a g-factor of 1.93 in
electron spin resonance spectroscopy represents the number
of oxygen vacancies in the oxide semiconductor layer. The
g-factor corresponding to oxygen vacancies varies depending
on, for example, the composition of the oxide semiconductor
layer; thus, the g-factor may deviate within a range of about
+5% and may be about 1.90 to 1.95 here. By reducing the
number of oxygen vacancies in the oxide semiconductor layer
as much as possible, generation of carriers can be reduced. As
a result, the transistor can be prevented from having nor-
mally-on characteristics, so that the electrical characteristics
and reliability of the semiconductor device can be improved.
<Gate Insulating Layer>

It is preferable that the gate insulating layer 408 have a spin
density of 2x10"® spins/cm> or more, preferably 2x10'® spins/
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cm® or more corresponding to a signal at a g-factor of 2.001
(greater than or equal to 2.00 and less than or equal to 2.01) in
electron spin resonance spectroscopy. In addition, it is pref-
erable that the gate insulating layer 408 have a spin density
per unit area of 2x10" spins/cm?® or more, further preferably
2x10"* spins/em® or more corresponding to the signal at a
g-factor of 2.001. The spin density corresponding to a signal
atag-factor of2.001 represents the number of dangling bonds
in the gate insulating layer 408. The g-factor varies depending
on the composition or the kind of the insulating layer; thus,
the g-factor may deviate within a range of about +5% and may
be about 2.00 to 2.01 here. The gate insulating layer 408
including a large number of dangling bonds releases a large
amount of oxygen by being subjected to heat treatment or the
like. Therefore, when the gate insulating layer 408 including
a large number of dangling bonds is provided over the oxide
semiconductor layer 4045, oxygen released from the gate
insulating layer 408 fills the oxygen vacancies in the oxide
semiconductor layer 4044; thus, the transistor can have stable
electrical characteristics.

When a gate insulating layer including a large number of
dangling bonds is used, the electrical characteristics of a
transistor become unstable by the effect of the dangling bonds
in some cases. However, in the semiconductor device of one
embodiment of the present invention, since the oxide layer
404c¢ is provided between the oxide semiconductor layer
4045 and the gate insulating layer 408, the transistor can have
stable electrical characteristics even with the gate insulating
layer 408 including a large number of dangling bonds.

Further, the gate insulating layer 408 over the oxide semi-
conductor layer 4045 is made dense; thus, constituent ele-
ments in the oxide semiconductor layer can be prevented
from being partly released outside. The density can be evalu-
ated by measuring the wet etching rate of the gate insulating
layer, for example. The denser the film is, the lower the wet
etching rate is; that is, a denser film is less likely to be etched.

The semiconductor device of one embodiment of the
present invention is a semiconductor device in which the
defect density in an oxide semiconductor layer is reduced and
which has excellent electrical stability. For example, the
amount of change in the threshold voltage of the semicon-
ductor device in a gate bias-temperature (BT) stress test is
small.

Note that the gate BT stress test is one kind of accelerated
test and can evaluate, in a short time, a change in character-
istics (i.e., a change with time) of a transistor, which is caused
by long-term use. The amount of change in characteristics of
the transistor due to the gate BT stress test is an important
indicator when examining the reliability of the transistor.

A specific method of the gate BT stress test is described.
First, electrical characteristics of a transistor are measured.
Next, the temperature of a substrate over which the transistor
is formed (substrate temperature) is set at fixed temperature,
a pair of electrodes serving as a source and a drain of the
transistor are set at a same potential, and a potential different
from that of the pair of electrodes serving as a source and a
drain is applied to a gate electrode for a certain period. The
substrate temperature may be determined as appropriate in
accordance with the test purpose. Then, the substrate tem-
perature is set at a temperature similar to that at which the
electrical characteristics have been measured, and the elec-
trical characteristics of the transistor are measured again. As
a result, a difference in threshold voltage and a difference in
shift value between before and after the gate BT stress test can
be obtained as the amount of change in the electrical charac-
teristics.
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Note that in this specification, the test in the case where the
potential applied to the gate electrode is higher than the poten-
tials of the source and the drain is referred to as a positive gate
BT stress test, and the test in the case where the potential
applied to the gate electrode is lower than the potentials of the
source and the drain is referred to as a negative gate BT stress
test.

In this specification, in a curve where the horizontal axis
represents the gate voltage (Vg; voltage between a source and
a gate) and the vertical axis represents the logarithm of drain
current (Id), the shift value is defined as a gate voltage at a
point of intersection of an extrapolated tangent line of Id
having the highest inclination with a straight line of Id=1x
10712 [A]. Note that in this specification, the shift value was
calculated with a drain voltage (voltage between a source and
a drain) of 10 V.

The number of oxygen vacancies in the oxide semiconduc-
tor layer is sufficiently reduced in the semiconductor device
of one embodiment of the present invention; thus, even a
miniaturized transistor with a short channel length can have
excellent electrical stability as the semiconductor device.
<Method for Manufacturing Transistor>

Next, a method of manufacturing the transistor 420 is
described.
<Base Insulating Layer>

First, the base insulating layer 402 is formed over the
substrate 400. There is no particular limitation on a substrate
that can be used, as long as it has heat resistance high enough
to withstand heat treatment performed later. For example, a
glass substrate of barium borosilicate glass, aluminoborosili-
cate glass, or the like, a ceramic substrate, a quartz substrate,
or a sapphire substrate can be used.

A single crystal semiconductor substrate or a polycrystal-
line semiconductor substrate of silicon, silicon carbide, or the
like or a compound semiconductor substrate of silicon ger-
manium or the like may be used as the substrate 400. Alter-
natively, an SOI substrate, a semiconductor substrate over
which a semiconductor element is provided, or the like can be
used.

The base insulating layer 402 can be formed by a sputtering
method, a molecular beam epitaxy (MBE) method, a chemi-
cal vapor deposition (CVD) method, a pulsed laser deposition
(PLD) method, an atomic layer deposition (ALD) method, or
the like, as appropriate.

An inorganic insulating layer can be used as the base insu-
lating layer 402. It is preferable to use, for example, a silicon
oxide film, a silicon oxynitride film, an aluminum oxide film,
an aluminum oxynitride film, a hafnium oxide film, a gallium
oxide film, a silicon nitride film, an aluminum nitride film, a
silicon nitride oxide film, or an aluminum nitride oxide film.
Further, the base insulating layer 402 can be formed with a
single-layer structure or a stacked-layer structure including
two or more layers with the use of these compounds.

As the base insulating layer 402, a silicon oxide film or a
silicon oxynitride film may be formed under the following
conditions: a vacuum-evacuated treatment chamber in a
plasma CVD apparatus is held at a temperature higher than or
equalto 180° C. and lower than or equal to 450° C., preferably
higher than or equal to 180° C. and lower than or equal to 350°
C.; a source gas is introduced into the treatment chamber; the
pressure in the treatment chamber is higher than or equal to
100 Pa and lower than or equal to 250 Pa, preferably higher
than or equal to 100 Pa and lower than or equal to 200 Pa; and
the high-frequency power supplied to an electrode provided
in the treatment chamber is greater than or equal to 1.48
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W/em?® and less than or equal to 2.46 W/cm?, preferably
greater than or equal to 1.48 W/cm? and less than or equal to
1.97 W/em?.

As the source gas, a deposition gas containing silicon and
an oxidation gas are preferably used. Typical examples of the
deposition gas containing silicon include silane, disilane,
trisilane, and silane fluoride. Examples of the oxidation gas
include oxygen, ozone, dinitrogen monoxide, nitrogen diox-
ide, and dry air.

As deposition conditions, the power density is set high as
described above in the treatment chamber under the above
pressure, whereby the decomposition efficiency of the source
gas in plasma is increased, oxygen radicals are increased, and
oxidation of the deposition gas containing silicon is pro-
moted; thus, the amount of oxygen contained in the base
insulating layer 402 exceeds that in the stoichiometric com-
position. However, in the case where the substrate tempera-
ture is within the above temperature range, the bond between
silicon and oxygen is weak. As a result, an oxide insulating
layer which contains oxygen in excess of the stoichiometric
composition and from which part of oxygen is released by
heating can be formed.

In the source gas of the base insulating layer 402, the ratio
of'the deposition gas containing silicon to the oxidation gas is
increased, and the high-frequency power is set to have the
above power density. Thus, the deposition rate can be
increased, and the amount of oxygen contained in the base
insulating layer 402 can be increased.

After formation of the base insulating layer 402, oxygen
may be implanted to the base insulating layer 402.

Here, oxygen atoms are implanted to silicon oxynitride
films by an ion implantation method, and the results of detect-
ing a gas (O,; m/z (m: mass, z: charge)=32) by thermal
desorption spectroscopy are shown.

First, a method for fabricating samples is described. Ther-
mal oxidation was performed on a silicon substrate in an HCI
atmosphere to form a thermal oxide film with a thickness of
100 nm on a surface of the substrate. The thermal oxidation
was performed at 950° C. for four hours in a thermal oxida-
tion atmosphere containing HCI at 3 vol % with respect to
oxygen.

Next, a 300-nm-thick silicon oxynitride film was formed
over the thermal oxide film. For the formation of the silicon
oxynitride film, silane with a flow rate of 2.3 sccm and dini-
trogen monoxide with a flow rate of 800 sccm as a source gas
were supplied to a treatment chamber, and a power of 50 W
was supplied with the use of a 27.12 MHz high-frequency
power source. Further, the temperature of the silicon substrate
at the formation of the silicon oxynitride film was 400° C.
After the formation, heat treatment was performed at 450° C.
for one hour.

Next, oxygen atoms were implanted by an ion implantation
method to samples obtained in the above manner. Oxygen
was implanted under the following conditions: the accelera-
tion voltage was set to 60kV; and the dosage was set to 2x10*°
ions/em?, 1x10*€ ions/cm?, and 5x10"° ions/cm? for Sample
1, Sample 2, and Sample 3, respectively. FIG. 13 shows the
TDS results of the samples. The horizontal axis represents
substrate temperature and the vertical axis represents detec-
tion intensity in FIG. 13. The dashed-dotted line, the broken
line, and the solid line in FIG. 13 show the results of the
sample for which the oxygen dosage was set to 2x10*6 ions/
cm? (Sample 1), the sample for which the oxygen dosage was
set to 1x10'° ions/cm? (Sample 2), and the sample for which
the oxygen dosage was set to 5x10"® ions/cm? (Sample 3),
respectively.
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In Sample 1 for which the oxygen dosage was set to 2x10*9
ions/cm?, oxygen begins to be released at around 100° C., and
there are peaks at around 300° C. and around 450° C. In
Sample 2 for which the oxygen dosage was set to 1x10"°
ions/cm?, oxygen begins to be released at around 200° C., and
there are peaks at around 300° C. and around 400° C. The
amount of released oxygen at the peak at around 300° C. is
less than or equal to one-half that in Sample 1 for which the
oxygen dosage was set to 2x10'6 ions/cm®. In Sample 3 for
which the oxygen dosage was set to 5x10'° jons/cm?, oxygen
begins to be released at around 200° C., and there are peaks at
around 300° C. and around 400° C. The amount of released
oxygen at the peak at around 300° C. is less than or equal to
one-halfthat in Sample 2 for which the oxygen dosage was set
to 1x10*% ions/cm? (i.e., less than or equal to one-quarter that
in Sample 1). According to FIG. 13, as oxygen dosage is
increased, the amount of oxygen released by heat treatment is
increased and the temperature at which oxygen begins to be
released is lowered. Thus, when a large amount of oxygen is
implanted to the base insulating layer 402, more oxygen can
be released therefrom at lower temperature.

Note that the base insulating layer 402 is not necessarily
provided as long as insulation between the substrate 400 and
the oxide semiconductor layer 4045 to be formed later can be
ensured. That is, when the substrate 400 has a sufficient
insulating property, a structure without the base insulating
layer 402 may be employed in some cases.
<Oxide Stack>

Next, the oxide stack 404 including the oxide layer 404a,
the oxide semiconductor layer 4045, and the oxide layer 404¢
is formed over the base insulating layer 402 (see FIG. 3A). An
oxide layer which can be used as each of the oxide layer 404a,
the oxide semiconductor layer 4045, and the oxide layer 404¢
preferably contains at least indium (In) or zinc (Zn). Alterna-
tively, both In and Zn are preferably contained. In order to
reduce variations in electrical characteristics of the transistors
including the oxide layer, the oxide layer preferably contains
one or more stabilizers in addition to one of or both Inand Zn.

As a stabilizer, gallium (Ga), tin (Sn), aluminum (Al),
zirconium (Zr), and the like can be given. As another stabi-
lizer, lanthanoid such as lanthanum (La), cerium (Ce),
praseodymium (Pr), neodymium (Nd), samarium (Sm),
europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium
(Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium
(YD), or lutetium (Lu) can be given.

For the oxide layer 404a, the oxide semiconductor layer
4045, and the oxide layer 404c, for example, any of the
following can be used: indium oxide, tin oxide, zinc oxide, an
In—7n oxide, a Sn—Z7n oxide, an Al—Z7n oxide, a Zn—Mg
oxide, a Sn—Mg oxide, an In—Mg oxide, an In—Ga oxide,
an In—Ga—Zn oxide, an In—Al—Zn oxide, an In—Sn—Z7n
oxide, a Sn—Ga—Zn oxide, an Al-—Ga—Zn oxide, a
Sn—Al—Zn oxide, an In—La—Z7n oxide, an In—Ce—Z7n
oxide, an In—Pr—Zn oxide, an In—Nd—Zn oxide, an
In—Sm—Z7n oxide, an In—Fu—Z7n oxide, an In—Gd—Z7n
oxide, an In—Tb—Z7n oxide, an In—Dy—Z7n oxide, an
In—Ho—Z7n oxide, an In—Er—Z7n oxide, an In—Tm—Z7n
oxide, an In—Yb—Zn oxide, an In—Lu—Zn oxide, an
In—Sn—Ga—Z7Zn oxide, an In—Al—Ga—Zn oxide, an
In—Sn—Al—Z7n oxide, an In—Sn—Hf—Zn oxide, or an
In—Hf—Al—Zn oxide.

Note that here, for example, an “In—Ga—Z7n oxide”
means an oxide containing In, Ga, and Zn as its main com-
ponents and there is no particular limitation on the ratio of In,
Ga, and Zn. The In—Ga—Z7n oxide may contain a metal
element other than In, Ga, and Zn.
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Alternatively, a material represented by InMO;(Zn0O),,
(m>0 is satisfied, and m is not an integer) may be used. Note
that M represents one or more metal elements selected from
Ga, Fe, Mn, and Co. Alternatively, a material represented by
In,SnO4(Zn0), (n>0, n is an integer) may be used.

Note that materials are appropriately selected so that the
electron affinity of the oxide semiconductor layer 4045 is
greater than those of the oxide layer 404a and the oxide layer
404¢ by 0.1 eV or more, preferably 0.15 eV or more. Accord-
ingly, the bottom of the conduction band in the oxide semi-
conductor layer 4045 is deeper from the vacuum level than
those of the conduction band in the oxide layer 4044 and the
oxide layer 404c; thus, a channel is formed in the oxide
semiconductor layer 4045 by an electric field of the gate
electrode layer 410.

An oxide used for each of the oxide layer 4044 and the
oxide layer 404¢ contains aluminum, gallium, germanium,
yttrium, tin, lanthanum, or cerium such that the proportion of
the element in each ofthe oxide layer 404a and the oxide layer
404c¢ is higher than that in the oxide semiconductor layer
4045. Specifically, the content of any of the above elements in
the oxide used for each of the oxide layer 404a and the oxide
layer 404c is more than 1.5 times, preferably more than 2
times, further preferably more than 3 times as high as that in
the oxide used for the oxide semiconductor layer 4045. The
element strongly bonds to oxygen and high energy is needed
for forming an oxygen vacancy; thus, an oxygen vacancy is
less likely to occur. For this reason, an oxygen vacancy is less
likely to occur in the oxide layer 404a and the oxide layer
404c¢ in each of which the proportion of the element is higher
than that in the oxide semiconductor layer 4045. This means
that the oxide layer 404a and the oxide layer 404¢ have stable
characteristics. Thus, the proportion of the element in each of
the oxide layer 4044 and the oxide layer 404c¢ is set high, so
that a stable interface can be formed between the oxide stack
404 and each of the base insulating layer 402 and the gate
insulating layer 408, which results in highly reliability of the
semiconductor device.

Note that when the oxide layer 404a is an In-M-Zn oxide,
the atomic ratio of In to M is preferably as follows: the
percentage of In is lower than 50 atomic % and the percentage
of M is higher than or equal to 50 atomic %; further prefer-
ably, the percentage of In is lower than 25 atomic % and the
percentage of M is higher than or equal to 75 atomic %. When
the oxide semiconductor layer 4045 is an In-M-Zn oxide, the
atomic ratio of In to M is preferably as follows: the percentage
ofInishigher than or equal to 25 atomic % and the percentage
of M is lower than 75 atomic %; further preferably, the per-
centage of In is higher than or equal to 34 atomic % and the
percentage of M is lower than 66 atomic %. When the oxide
layer 404¢ is an In-M-Zn oxide, the atomic ratio of Into M is
preferably as follows: the percentage of In is lower than 50
atomic % and the percentage of M is higher than or equal to 50
atomic %; further preferably, the percentage of In is lower
than 25 atomic % and the percentage of M is higher than or
equal to 75 atomic %.

Note that when the oxide layer 404a and the oxide layer
404c¢ each contain a material represented by InGa,7Zn,0O, it
is preferable that X do not exceed 10. An increase in the
proportion of gallium in the oxide layer increases the amount
of powder substances (also referred to as dust) generated in
deposition by RF sputtering, which leads to deterioration in
characteristics of a semiconductor device in some cases.

Note that the oxide semiconductor layer and the oxide
layers can be formed by, instead of an RF sputtering method
in which a high-frequency power source is used as a sputter-
ing power source, a DC sputtering method in which a direct-
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current power source is used, an AC sputtering method in
which an alternating-current power source, or the like. In
particular, by a DC sputtering method, dust generated in the
deposition can be reduced and the film thickness can be
uniform.

The indium content in the oxide semiconductor layer 4045
is preferably higher than those in the oxide layer 4044 and the
oxide layer 404¢. In an oxide semiconductor, the s orbital of
heavy metal mainly contributes to carrier transfer, and when
the proportion of In in the oxide semiconductor is increased,
overlap of the s orbitals is likely to be increased. Therefore, an
oxide having a composition in which the proportion of In is
higher than that of Ga has higher mobility than an oxide
having a composition in which the proportion of In is equal to
or lower than that of Ga. Thus, with use of an oxide having a
high indium content for the oxide semiconductor layer 4045,
high mobility can be achieved.

To form the oxide stack 404 in which a continuous junction
as shown in FIG. 2 (here, a U-shaped well structure where the
energy of the bottom of the conduction band is changed
continuously between the layers) is formed, instead of merely
stacking the oxide layer 4044, the oxide semiconductor layer
4045, and the oxide layer 404c¢ containing the same main
component, the stack is formed in such a manner that an
impurity for an oxide semiconductor, which forms a defect
state such as a trap center or a recombination center or a
barrier blocking carrier flow, does not exist at the interfaces
between the layers. [fthere is an impurity between the stacked
oxide semiconductor layer and oxide layers, the continuity of
the energy band at the interfaces is lost, leading to disappear-
ance of carriers by trapping or recombination in some cases.

To form a continuous junction, it is necessary to stack the
layers in succession without exposure to the air using a multi-
chamber deposition apparatus (sputtering apparatus) with
load lock chambers. Each chamber in the sputtering apparatus
is preferably evacuated to high vacuum (about 1x10™* Pa to
5x1077 Pa) with an entrapment vacuum evacuation pump
such as a cryopump so that water or the like, which is an
impurity for an oxide semiconductor, is removed as much as
possible. Alternatively, a turbo molecular pump and a cold
trap are preferably used in combination to prevent backflow
of gas into the chamber through an evacuation system.

To obtain a highly purified intrinsic oxide semiconductor, it
is necessary not only to evacuate the chamber to high vacuum
but also to highly purify a sputtering gas. A highly purified gas
having a dew point of -40° C. or lower, preferably —80° C. or
lower, still preferably —100° C. or lower is used as an oxygen
gas or an argon gas which is used as a sputtering gas; thus,
entry of moisture or the like to the oxide semiconductor layer
can be prevented as much as possible.

Note that the oxide layer 404aq, the oxide semiconductor
layer 4045, and the oxide layer 404¢ may have different
crystallinities. In other words, a single crystal oxide layer, a
polycrystalline oxide layer, an amorphous oxide layer, and
the like may be combined as appropriate.

A structure of an oxide semiconductor layer is described
below.

An oxide semiconductor layer is classified roughly into a
single-crystal oxide semiconductor layer and a non-single-
crystal oxide semiconductor layer. The non-single-crystal
oxide semiconductor layer includes any of an amorphous
oxide semiconductor layer, a microcrystalline oxide semi-
conductor layer, a polycrystalline oxide semiconductor layer,
a c-axis aligned crystalline oxide semiconductor (CAAC-OS)
layer, and the like.

The amorphous oxide semiconductor layer has disordered
atomic arrangement and no crystalline component. A typical
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example thereof is an oxide semiconductor layer in which no
crystal part exists even in a microscopic region, and the whole
of the layer is amorphous.

The microcrystalline oxide semiconductor layer includes a
microcrystal (also referred to as nanocrystal) with a size
greater than or equal to 1 nm and less than 10 nm, for example.
Thus, the microcrystalline oxide semiconductor layer has a
higher degree of atomic order than the amorphous oxide
semiconductor layer. Hence, the density of defect states of the
microcrystalline oxide semiconductor layer is lower than that
of the amorphous oxide semiconductor layer.

The CAAC-OS layer is one of oxide semiconductor layers
including a plurality of crystal parts, and most of the crystal
parts each fit inside a cube whose one side is less than 100 nm.
Thus, there is a case where a crystal part included in the
CAAC-O0S layer fits inside a cube whose one side is less than
10 nm, less than 5 nm, or less than 3 nm. The density of defect
states of the CAAC-OS layer is lower than that of the micro-
crystalline oxide semiconductor layer. The CAAC-OS layer
is described in detail below.

In a transmission electron microscope (TEM) image of the
CAAC-O0S layer, a boundary between crystal parts, that is, a
grain boundary is not clearly observed. Thus, in the CAAC-
OS layer, a reduction in electron mobility due to the grain
boundary is less likely to occur.

According to the TEM image of the CAAC-OS layer
observed in a direction substantially parallel to a sample
surface (cross-sectional TEM image), metal atoms are
arranged in a layered manner in the crystal parts. Each metal
atom layer has a morphology reflected by a surface over
which the CAAC-OS layer is formed (hereinafter, a surface
over which the CAAC-OS layer is formed is referred to as a
formation surface) or a top surface of the CAAC-OS layer,
and is arranged in parallel to the formation surface or the top
surface of the CAAC-OS layer.

On the other hand, according to the TEM image of the
CAAC-0S layer observed in a direction substantially perpen-
dicular to the sample surface (plan TEM image), metal atoms
are arranged in a triangular or hexagonal configuration in the
crystal parts. However, there is no regularity of arrangement
of metal atoms between different crystal parts.

From the results of the cross-sectional TEM image and the
plan TEM image, alignment is found in the crystal parts in the
CAAC-OS layer.

A CAAC-OS layer is subjected to structural analysis with
an X-ray diffraction (XRD) apparatus. For example, when the
CAAC-OS layer including an InGaZnO, crystal is analyzed
by an out-of-plane method, a peak appears frequently when
the diftraction angle (260) is around 31°. This peak is derived
from the (009) plane of the InGaZnO, crystal, which indicates
that crystals in the CAAC-OS layer have c-axis alignment,
and that the c-axes are aligned in a direction substantially
perpendicular to the formation surface or the top surface of
the CAAC-OS layer.

On the other hand, when the CAAC-OS layer is analyzed
by an in-plane method in which an X-ray enters a sample in a
direction substantially perpendicular to the c-axis, a peak
appears frequently when 26 is around 56°. This peak is
derived from the (110) plane of the InGaZnO,, crystal. Here,
analysis (¢ scan) is performed under conditions where the
sample is rotated around a normal vector of a sample surface
as an axis (¢ axis) with 20 fixed at around 56°. In the case
where the sample is a single-crystal oxide semiconductor film
of InGaZnO,, six peaks appear. The six peaks are derived
from crystal planes equivalent to the (110) plane. Onthe other
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hand, in the case of a CAAC-OS layer, a peak is not clearly
observed even when ¢ scan is performed with 20 fixed at
around 56°.

According to the above results, in the CAAC-OS layer
having c-axis alignment, while the directions of a-axes and
b-axes are different between crystal parts, the c-axes are
aligned in a direction parallel to a normal vector of a forma-
tion surface or a normal vector of a top surface. Thus, each
metal atom layer arranged in a layered manner observed in the
cross-sectional TEM image corresponds to a plane parallel to
the a-b plane of the crystal.

Note that the crystal part is formed concurrently with depo-
sition of the CAAC-OS layer or is formed through crystalli-
zation treatment such as heat treatment. As described above,
the c-axis of the crystal is aligned in a direction parallel to a
normal vector of a formation surface or a normal vector of a
top surface. Thus, for example, in the case where a shape of
the CAAC-OS layer is changed by etching or the like, the
c-axis might not be necessarily parallel to a normal vector of
a formation surface or a normal vector of a top surface of the
CAAC-OS layer.

Further, the degree of crystallinity inthe CAAC-OS layeris
not necessarily uniform. For example, in the case where crys-
tal growth leading to the CAAC-OS layer occurs from the
vicinity of the top surface of the layer, the degree of the
crystallinity in the vicinity of the top surface is higher than
that in the vicinity of the formation surface in some cases.
Further, when an impurity is added to the CAAC-OS layer,
the crystallinity in a region to which the impurity is added is
changed, and the degree of crystallinity in the CAAC-OS
layer varies depending on regions.

Note that when the CAAC-OS layer with an InGaZnO,
crystal is analyzed by an out-of-plane method, a peak of 20
may also be observed at around 36°, in addition to the peak of
20 at around 31°. The peak of 20 at around 36° indicates that
a crystal having no c-axis alignment is included in part of the
CAAC-OS layer. It is preferable that in the CAAC-OS layer,
a peak of 20 appear at around 31° and a peak of 260 do not
appear at around 36°.

In a transistor using the CAAC-OS layer, change in elec-
trical characteristics due to irradiation with visible light or
ultraviolet light is small. Thus, the transistor has high reliabil-
ity.

Note that an oxide semiconductor layer may be a stacked
film including two or more layers of an amorphous oxide
semiconductor layer, a microcrystalline oxide semiconductor
layer, and a CAAC-OS layer, for example.

A CAAC-OS layer is formed by, for example, a sputtering
method using a polycrystalline oxide target. By collision of
ions with the target, a crystal region included in the target may
be separated from the target along an a-b plane; in other
words, a sputtered particle having a plane parallel to an a-b
plane (flat-plate-like sputtered particle or pellet-like sputtered
particle) may flake off from the target. In that case, the flat-
plate-like sputtered particle reaches a substrate while main-
taining its crystal state, whereby the CAAC-OS layer can be
formed. To improve the crystallinity of the CAAC-OS layer,
the average grain size of crystal grains included in the poly-
crystalline oxide target is set to 3 um or less, preferably 2 um
or less, further preferably 1 um or less.

The flat-plate-like sputtered particle has, for example, an
equivalent circle diameter of a plane parallel to the a-b plane
of greater than or equal to 3 nm and less than or equal to 10
nm, and a thickness (length in the direction perpendicular to
the a-b plane) of greater than or equal to 0.7 nm and less than
1 nm. Note that in the flat-plate-like sputtered particle, the
plane parallel to the a-b plane may be a regular triangle or a
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regular hexagon. Here, the term “equivalent circle diameter of
a plane” refers to the diameter of a perfect circle having the
same area as the plane.

The following conditions are preferably employed in order
to form a CAAC-OS layer over an amorphous surface, a
surface of an amorphous insulating layer, or a surface of an
insulating layer.

By increasing the substrate heating temperature during the
deposition, migration of sputtered particles occurs after the
sputtered particles reach the substrate. Specifically, the sub-
strate heating temperature during the deposition is higher
than or equal to 100° C. and lower than or equal to 740° C.,
preferably higher than or equal to 200° C. and lower than or
equal to 500° C. By increasing the substrate heating tempera-
ture during the deposition, when the flat-plate-like sputtered
particles reach the substrate, migration occurs on the sub-
strate, so that a flat plane of each flat-plate-like sputtered
particle is attached to the substrate. At this time, the sputtered
particles are positively charged, thereby being attached to the
substrate while repelling each other; thus, the sputtered par-
ticles are not stacked unevenly, so that a CAAC-OS layer with
a uniform thickness can be deposited.

By reducing the amount of impurities entering the CAAC-
OS layer during the deposition, the crystal state can be pre-
vented from being broken by the impurities. For example, the
concentration of impurities (e.g., hydrogen, water, carbon
dioxide, or nitrogen) which exist in a deposition chamber may
be reduced. Furthermore, the concentration of impurities in a
deposition gas may be reduced. Specifically, a deposition gas
whose dew point is —80° C. or lower, preferably —100° C. or
lower is used.

Furthermore, it is preferable that the proportion of oxygen
in the deposition gas be increased and the power be optimized
in order to reduce plasma damage at the deposition. The
proportion of oxygen in the deposition gas is higher than or
equal to 30 vol %, preferably 100 vol %.

After the CAAC-OS layer is deposited, heat treatment may
be performed. The temperature of the heat treatment is higher
than or equal to 100° C. and lower than or equal to 740° C.,
preferably higher than or equal to 200° C. and lower than or
equal to 500° C. The heat treatment time is longer than or
equal to 1 minute and shorter than or equal to 24 hours,
preferably longer than or equal to 6 minutes and shorter than
or equal to 4 hours. The heat treatment may be performed in
an inert atmosphere or an oxidation atmosphere. It is prefer-
ableto perform heat treatment in an inert atmosphere and then
perform heat treatment in an oxidation atmosphere. The heat
treatment in an inert atmosphere can reduce the concentration
of impurities in the CAAC-OS layer in a short time. At the
same time, the heat treatment in an inert atmosphere may
generate oxygen vacancies in the CAAC-OS layer. In such a
case, the heat treatment in an oxidation atmosphere can
reduce the oxygen vacancies. The heat treatment can further
increase the crystallinity of the CAAC-OS layer. Note that the
heat treatment may be performed under a reduced pressure,
such as 1000 Pa or lower, 100 Pa or lower, 10 Pa or lower, or
1 Pa or lower. The heat treatment under the reduced pressure
can reduce the concentration of impurities in the CAAC-OS
layer in a shorter time.

By using the above method, a CAAC-OS layer can be
formed over an amorphous surface, a surface of an amor-
phous insulating layer, or a surface of an insulating layer.

Alternatively, the CAAC-OS layer may be formed by the
following method.

First, a first oxide semiconductor layer is formed to a
thickness of greater than or equal to 1 nm and less than 10 nm.
The first oxide semiconductor layer is formed by a sputtering
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method. Specifically, the substrate temperature is set to
higher than or equal to 100° C. and lower than or equal to 500°
C., preferably higher than or equal to 150° C. and lower than
or equal to 450° C., and the proportion of oxygen in a depo-
sition gas is set to higher than or equal to 30 vol %, preferably
100 vol %.

Next, heat treatment is performed so that the first oxide
semiconductor layer becomes a first CAAC-OS layer with
high crystallinity. The temperature of the heat treatment is
higher than or equal to 350° C. and lower than or equal to 740°
C., preferably higher than or equal to 450° C. and lower than
or equal to 650° C. The heat treatment time is longer than or
equal to 1 minute and shorter than or equal to 24 hours,
preferably longer than or equal to 6 minutes and shorter than
or equal to 4 hours. The heat treatment may be performed in
an inert atmosphere or an oxidation atmosphere. It is prefer-
ableto perform heat treatment in an inert atmosphere and then
perform heat treatment in an oxidation atmosphere. The heat
treatment in an inert atmosphere can reduce the concentration
of impurities in the first oxide semiconductor layer in a short
time. At the same time, the heat treatment in an inert atmo-
sphere may generate oxygen vacancies in the first oxide semi-
conductor layer. In such a case, the heat treatment in an
oxidation atmosphere can reduce the oxygen vacancies. Note
that the heat treatment may be performed under a reduced
pressure, such as 1000 Pa or lower, 100 Pa or lower, 10 Pa or
lower, or 1 Pa or lower. The heat treatment under the reduced
pressure can reduce the concentration of impurities in the first
oxide semiconductor layer in a shorter time.

The first oxide semiconductor layer with a thickness of
greater than or equal to 1 nm and less than 10 nm can be easily
crystallized by heat treatment as compared to the case where
the first oxide semiconductor layer has a thickness of greater
than or equal to 10 nm.

Next, a second oxide semiconductor layer having the same
composition as the first oxide semiconductor layer is formed
to a thickness of greater than or equal to 10 nm and less than
or equal to 50 nm. The second oxide semiconductor layer is
formed by a sputtering method. Specifically, the substrate
temperature is set to higher than or equal to 100° C. and lower
than or equal to 500° C., preferably higher than or equal to
150° C. and lower than or equal to 450° C., and the proportion
of oxygen in a deposition gas is set to higher than or equal to
30 vol %, preferably 100 vol %.

Next, heat treatment is performed so that solid phase
growth of the second oxide semiconductor layer from the first
CAAC-OS layer occurs, whereby the second oxide semicon-
ductor layer is turned into a second CAAC-OS layer having
high crystallinity. The temperature of the heat treatment is
higher than or equal to 350° C. and lower than or equal to 740°
C., preferably higher than or equal to 450° C. and lower than
or equal to 650° C. The heat treatment time is longer than or
equal to 1 minute and shorter than or equal to 24 hours,
preferably longer than or equal to 6 minutes and shorter than
or equal to 4 hours. The heat treatment may be performed in
an inert atmosphere or an oxidation atmosphere. It is prefer-
ableto perform heat treatment in an inert atmosphere and then
perform heat treatment in an oxidation atmosphere. The heat
treatment in an inert atmosphere can reduce the concentration
of impurities in the second oxide semiconductor layer in a
short time. At the same time, the heat treatment in an inert
atmosphere may generate oxygen vacancies in the second
oxide semiconductor layer. In such a case, the heat treatment
in an oxidation atmosphere can reduce the oxygen vacancies.
Note that the heat treatment may be performed under a
reduced pressure, such as 1000 Pa or lower, 100 Pa or lower,
10 Pa or lower, or 1 Pa or lower. The heat treatment under the
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reduced pressure can reduce the concentration of impurities
in the second oxide semiconductor layer in a shorter time.

In the above-described manner, a CAAC-OS layer having
a total thickness of 10 nm or more can be formed.

A stack of an oxide semiconductor layer and oxide layers
which are formed by the above method is partly etched,
whereby the oxide layer 4044, the oxide semiconductor layer
4045, and the oxide layer 404c¢ can be formed. Note that the
oxide semiconductor layer and the oxide layers to be the
oxide layer 404a, the oxide semiconductor layer 40456, and
the oxide layer 404c¢ are preferably formed in succession
without exposure to the air.

Heat treatment is preferably performed after formation of
the oxide stack 404. Heat treatment here may be performed at
a temperature higher than or equal to 250° C. and lower than
or equal to 650° C., preferably higher than or equal to 300° C.
and lower than or equal to 500° C. The heat treatment is
performed in an inert gas atmosphere, an atmosphere con-
taining an oxidizing gas at 10 ppm or more, 1% or more, or
10% or more, or under reduced pressure. Alternatively, the
heat treatment may be performed in such a manner that heat
treatment is performed in an inert gas atmosphere, and then
another heat treatment is performed in an atmosphere con-
taining an oxidizing gas at 10 ppm or more, 1% or more, or
10% or more in order to compensate desorbed oxygen. By the
heat treatment, the crystallinity of the oxide semiconductor
layer 4045 can be improved and impurities such as hydrogen
and water can be removed from the oxide stack 404.

Moreover, by the heat treatment, excess oxygen contained
in the base insulating layer 402 can be supplied to the oxide
semiconductor layer 4045. Supply of oxygen to the oxide
semiconductor layer 4045 enables hydrogen in the oxide
semiconductor layer 4045 to be removed.
<Source Electrode Layer and Drain Electrode Layer>

Next, a conductive layer which is to be the source electrode
layer 4064 and the drain electrode layer 4065 is formed and
partly etched, whereby the source electrode layer 406a and
the drain electrode layer 4065 are formed (see FIG. 3B).

The source electrode layer 406a and the drain electrode
layer 4065 may be formed using a single layer or a stack of a
conductive layer containing one or more of aluminum, tita-
nium, chromium, cobalt, nickel, copper, tantalum, and tung-
sten. Note that the source electrode layer 4064 and the drain
electrode layer 4065 may have the same composition or dif-
ferent compositions.
<Gate Insulating Layer>

Next, the gate insulating layer 408 is formed over the
source electrode layer 406a and the drain electrode layer
4065 (see FIG. 3C). The gate insulating layer 408 may be
formed using a single layer or a stack of an insulating layer
containing one or more of aluminum oxide, magnesium
oxide, silicon oxide, silicon oxynitride, silicon nitride oxide,
silicon nitride, gallium oxide, germanium oxide, yttrium
oxide, zirconium oxide, lanthanum oxide, neodymium oxide,
hafnium oxide, and tantalum oxide.

It is preferable to select appropriate conditions so that the
oxide stack 404 is not damaged and the defect density in the
oxide stack 404 is not increased in forming the gate insulating
layer 408. As an example of a way to reduce damage to the
oxide stack 404, the gate insulating layer 408 is preferably
formed using a plasma CVD apparatus at a high deposition
pressure. Specifically, the deposition pressure is preferably
set to higher than or equal to 100 Pa and lower than or equal
to 300 Pa, further preferably higher than or equal to 100 Pa
and lower than or equal to 200 Pa. Increasing the deposition
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pressure in a reaction chamber enables high-density plasma
to be generated, leading to a reduction in plasma damage to
the deposition surface.

Further, by increasing the pressure in deposition of the gate
insulating layer 408, a semiconductor device with high field-
effect mobility and excellent electrical characteristics can be
provided.
<QGate Electrode Layer>

Next, a conductive layer which is to be the gate electrode
layer 410 is formed over the gate insulating layer 408 and
etched, whereby the gate electrode layer 410 is formed (see
FIG. 3D). The gate electrode layer 410 may be formed using
a single layer or a stack of a conductive layer containing one
or more of aluminum, titanium, chromium, cobalt, nickel,
copper, yttrium, zirconium, molybdenum, ruthenium, silver,
tantalum, and tungsten.
<Interlayer Insulating Layer>

Next, the interlayer insulating layer 412 and the interlayer
insulating layer 414 are formed over the gate insulating layer
408 and the gate electrode layer 410 (see FIG. 4A). Each of
the interlayer insulating layers 412 and 414 may be formed
using a single layer or a stack of an insulating layer containing
one or more of aluminum oxide, magnesium oxide, silicon
oxide, silicon oxynitride, silicon nitride oxide, silicon nitride,
gallium oxide, germanium oxide, yttrium oxide, zirconium
oxide, lanthanum oxide, neodymium oxide, hathium oxide,
and tantalum oxide. Here, an example in which the interlayer
insulating layer 412 and the interlayer insulating layer 414 are
stacked is illustrated.

Heat treatment is preferably performed after formation of
the interlayer insulating layer 414. Heat treatment makes it
possible to fill oxygen vacancies which are formed in the
formed oxide semiconductor layer 4045 owing to etching,
plasma treatment, and the like in the process for forming the
source electrode layer 4064, the drain electrode layer 4065,
the gate electrode layer 410, and the like.

When heat treatment is performed here, oxygen can be
supplied to the oxide semiconductor layer 4045 from the base
insulating layer 402 or the gate insulating layer 408, or both,
so that oxygen vacancies in the oxide semiconductor layer
4045 are reduced and the reliability of the transistor can be
improved.

Here, the results of analyzing the amount of released oxy-
gen after silicon oxynitride films are subjected to heat treat-
ment are shown.

First, a method for fabricating samples is described. Ther-
mal oxidation was performed on a silicon substrate in an HCI
atmosphere to form a thermal oxide film with a thickness of
100 nm on a surface of the substrate. The thermal oxidation
was performed at 950° C. for one hour in a thermal oxidation
atmosphere containing HCl at 3 vol % with respect to oxygen.

Next, a 300-nm-thick silicon oxynitride film was formed
over the thermal oxide film. For the formation of the silicon
oxynitride film, silane with a flow rate of 2.3 sccm and dini-
trogen monoxide with a flow rate of 800 sccm as a source gas
were supplied to a treatment chamber, and a power of 50 W
was supplied with the use of a 27.12 MHz high-frequency
power source. Further, the temperature of the silicon substrate
at the formation of the silicon oxynitride film was 400° C.
After the formation, heat treatment was performed at 450° C.
for one hour.

Next, oxygen was implanted to the silicon oxynitride film
by an ion implantation method. The conditions of the oxygen
implantation were as follows: an acceleration voltage of 60
kV and a dosage of 2x10'® ions/cm>.

A 100-nm-thick In—Ga—7n oxide layer was formed over
the silicon oxynitride film by a sputtering method. Here, the
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In—Ga—7n oxide layer was formed under the following
conditions: a sputtering target containing In, Ga, and Zn at an
atomic ratio of 1:1:1 was used, Ar with a flow rate of 30 sccm
and oxygen with a flow rate of 15 sccm were supplied as a
sputtering gas to a reaction chamber of a sputtering apparatus,
the pressure in the reaction chamber was controlled to 0.4 Pa,
and a direct current power of 0.5 kW was supplied. Note that
the substrate temperature in the formation of the In—Ga—Z7n
oxide layer was set at 300° C.

Here, a sample which was not subjected to heat treatment,
a sample which was subjected to heat treatment at 450° C. in
a nitrogen atmosphere for one hour and then in an oxygen
atmosphere for one hour, and a sample which was subjected
to heat treatment at 450° C. in a nitrogen atmosphere for one
hour and then in an oxygen atmosphere for one hour and then
subjected to heat treatment at 400° C. in an oxygen atmo-
sphere for one hour were prepared as Sample A1, Sample A2,
and Sample A3, respectively.

After that, Samples Al to A3 were subjected to etching
with an Al mixed-acid etchant (produced by KANTO
CHEMICAL CO., INC.), whereby the In—Ga—Z7n oxide
was removed, and analyzed by TDS; thus, the amount of
oxygen released from the silicon oxynitride films, that is,
oxygen contained in the samples were measured. FIG. 14
shows quantitative values of the amount of released oxygen in
Samples Al to A3.

The amount of released oxygen was 1.17x10'¢ atoms/cm?
in Sample Al not subjected to heat treatment, 6.23x10"°
atoms/cm? in Sample A2 subjected to heat treatment once,
and 5.26x10"° atoms/cm® in Sample A3 subjected to heat
treatment twice.

As shown in FIG. 14, the amount of reduction in oxygen
contained in the silicon oxynitride film corresponds to the
number of times of heat treatment performed before the TDS
analysis. This means that in the case where heat treatment is
performed plural times after formation of the oxide semicon-
ductor layer, oxygen is released from the silicon oxynitride
film every heat treatment.

Accordingly, by performing heat treatment again after for-
mation of an interlayer insulating layer, oxygen can be sup-
plied to the oxide semiconductor layer again from the silicon
oxynitride film (here, the base insulating layer 402) formed
under the oxide semiconductor layer. Oxygen supplied here
fills oxygen vacancies which are formed in the oxide semi-
conductor layer in forming the gate insulating layer, the gate
electrode layer, and the like, thus stabilizing the characteris-
tics of the oxide semiconductor layer.

Here, the results of analyzing the spin density in an oxide
semiconductor layer in the case where a silicon oxynitride
film is formed over the formed oxide semiconductor layer and
heat treatment is performed are shown.

A method for fabricating samples is described. First, a
300-nm-thick silicon oxynitride film was formed over a
quartz substrate. For the formation of the silicon oxynitride
film, silane with a flow rate of 2.3 sccm and dinitrogen mon-
oxide with a flow rate of 800 sccm as a source gas were
supplied to a treatment chamber, and a power of 50 W was
supplied with the use of a 27.12 MHz high-frequency power
source. Further, the temperature of the quartz substrate at the
formation of the silicon oxynitride film was 400° C. After the
formation, heat treatment was performed at 450° C. for one
hour.

Next, oxygen was implanted to the silicon oxynitride film
by an ion implantation method. The conditions of the oxygen
implantation were as follows: an acceleration voltage of 60
kV and a dosage of 2x10'° ions/cm>.
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Then, a 50-nm-thick In—Ga—Zn oxide layer was formed
over the silicon oxynitride film by a sputtering method. Here,
the In—Ga—Z7n oxide layer was formed under the following
conditions: a sputtering target containing In, Ga, and Zn at an
atomic ratio of 1:1:1 was used, Ar with a flow rate of 30 sccm
and oxygen with a flow rate of 15 sccm were supplied as a
sputtering gas to a reaction chamber of a sputtering apparatus,
the pressure in the reaction chamber was controlled to 0.4 Pa,
and a direct current power of 0.5 kW was supplied. Note that
the substrate temperature in the formation of the In—Ga—Z7n
oxide layer was set at 300° C.

Here, heat treatment was performed at 450° C. ina nitrogen
atmosphere for one hour and then in an oxygen atmosphere
for one hour.

Next, a 20-nm-thick silicon oxynitride film was formed
over the In—Ga—Z7n oxide layer. The silicon oxynitride film
was formed under the following conditions: the quartz sub-
strate was placed in a treatment chamber of a plasma CVD
apparatus, silane with a flow rate of 1 sccm and dinitrogen
monoxide with a flow rate of 800 sccm as a source gas were
supplied to the treatment chamber, and a power of 150 W was
supplied with the use of a 60 MHz high-frequency power
source. Further, the temperature of the quartz substrate at the
formation of the silicon oxynitride film was 350° C. The
deposition pressure was 40 Pa, which might not suitable for a
gate insulating layer used in a semiconductor device of one
embodiment of the present invention.

Here, a sample which was not subjected to heat treatment
was prepared as Sample B1. Then, a sample which was sub-
jected to heat treatment at 350° C. in an oxygen atmosphere
for one hour was prepared as Sample B2, and a sample which
was subjected to heat treatment at 400° C. in an oxygen
atmosphere for one hour was prepared as Sample B3.

The samples were subjected to ESR measurement. The
ESR measurement was performed under the following con-
ditions: the measurement temperature was room temperature
(25° C.), the high-frequency power (power of microwaves) of
9.5 GHz was 20 mW, and the direction of a magnetic field was
parallel to a surface of each sample. Note that the lower limit
of detection of the spin density corresponding to a signal at a
g-factor of 1.93 due to oxygen vacancies in the In—Ga—Z7n
oxide layer was 1x10'7 spins/cm>.

FIGS. 15A to 15C show the results of the ESR measure-
ment. In the graphs shown in FIGS. 15A to 15C, the vertical
axis represents a first-order derivative of the absorption inten-
sity of a microwave, and the horizontal axis represents a
g-factor. FIG. 15A, FIG. 15B, and FIG. 15C show the results
of ESR measurement of Sample B1, Sample B2, and Sample
B3, respectively. FIGS. 15 A to 15C also show values obtained
by fitting with a Gaussian profile at a g-factor of around 1.93
in the measurement results of the samples. In each of FIGS.
15A to 15C, the dotted line indicates the measurement result
and the solid line indicates the result of the fitting. The spin
density corresponding to the absorption intensity of the
microwave was obtained by calculating the integral value of
the signal at a g-factor of around 1.93 with the fitted curve.

FIG. 16 shows the spin densities. As seen from the result of
Sample B1, the spin density in the oxide semiconductor layer
was 3.9x10"® spins/cm® owing to the formation of the silicon
oxynitride film which might not be suitable as a gate insulat-
ing layer used in a semiconductor device of one embodiment
of the present invention.

However, the spin density was decreased by heat treatment
performed after the formation of the silicon oxynitride film,
and became less than the lower limit of detection (1x10"7
spins/cm®) for both Sample B2 and Sample B3. Thus, oxygen
vacancies generated in the oxide semiconductor layer after
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formation of the silicon oxynitride film can be filled by heat
treatment performed with the oxide semiconductor layer
being in contact with the silicon oxynitride film.

In particular, when a film having a property of blocking
oxygen is used as the interlayer insulating layer 412 and heat
treatment is performed, oxygen released from the base insu-
lating layer 402 or the gate insulating layer 408, or both is
prevented from being released to above the oxide semicon-
ductor layer 4045, so that more oxygen can be supplied to the
oxide semiconductor layer 4045.

The heat treatment is preferably performed at a tempera-
ture higher than or equal to 300° C. and lower than 450° C.,
further preferably higher than or equal to 350° C. and lower
than or equal to 400° C. Note that when a metal with a high
oxygen affinity is used for the source electrode layer 4064 and
the drain electrode layer 4065 which are formed in contact
with the oxide stack 404 and heat treatment is performed, the
metal might extract oxygen from the oxide stack 404. Thus,
the temperature range may be appropriately set so that heat
treatment is performed at such a temperature that the amount
of'oxygen supplied from the base insulating layer 402 and the
gate insulating layer 408 is larger than the amount of oxygen
extracted to enter the source electrode layer 406a and the
drain electrode layer 4064.

The above heat treatment can reduce the number of oxygen
vacancies in the oxide semiconductor layer 4045, thus stabi-
lizing the characteristics of the oxide semiconductor layer
4045p. In particular, when the channel length of the transistor
is shortened, the effect of oxygen vacancies in the oxide
semiconductor layer on the characteristics of the transistor
becomes greater. Thus, the above heat treatment is performed
to reduce the number of oxygen vacancies in the oxide semi-
conductor layer 4045, so that a highly reliable semiconductor
device which can maintain normally-off characteristics can
be provided even when the channel length is shortened.

Next, openings are formed in the interlayer insulating layer
414, the interlayer insulating layer 412, and the gate insulat-
ing layer 408, a conductive layer is formed in the openings,
and the conductive layer is etched; thus, the source wiring
layer 4164 and the drain wiring layer 4165 are formed (see
FIG. 4B). The source wiring layer 4164 and the drain wiring
layer 4165 may be formed using a material and a method
similar to those for the source electrode layer 406a and the
drain electrode layer 4064.

The structure of a semiconductor device of one embodi-
ment of the present invention is not limited to the above
structure. For example, the oxide stack 404 may be composed
of two layers, the oxide semiconductor layer 4045 and the
oxide layer 404c, as in a transistor 430 illustrated in FIG. 5A.
Note that the other components of the transistor 430 can be
similar to those of the transistor 420; thus, detailed descrip-
tion thereof is omitted.

In addition, a source region 4054 and a drain region 4055
may be formed in the oxide stack 404 as in FIG. 5A. The
source region 405a and the drain region 4055 are formed in
the following manner: in regions of the oxide stack 404 which
are in contact with the source electrode layer 4064 and the
drain electrode layer 4065, oxygen in the oxide stack 404 is
easily taken in by a metal such as tungsten and thus oxygen
vacancies are generated in a region of the oxide stack 404, the
resistance of which is lowered, or a metal in the source elec-
trode layer 406a and the drain electrode layer 4065 enters the
oxide stack 404 and thus the resistance of a region of the oxide
stack 404 where the metal enters is lowered.

Alternatively, as in a transistor 440 illustrated in FIG. 5B, a
periphery portion of the source electrode layer 4064 and a
periphery portion of the drain electrode layer 4065 which
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overlap with the gate electrode layer 410 may have a stepped
shape. The periphery portion having a stepped shape can be
formed by a plurality of etching steps (etching involving a
reduction (downsizing) in mask and etching using the down-
sized resist mask). With the stepped shapes of the periphery
portions of the source electrode layer 406a and the drain
electrode layer 4065, the step coverage with the gate insulat-
ing layer 408 can be improved.

Further alternatively, as in a transistor 450 illustrated in
FIG. 5C, the source electrode layer and the drain electrode
layer may have a two-layer structure. The transistor 450 illus-
trated in FIG. 5C includes a first source electrode layer 418a
and a first drain electrode layer 41856 which determine the
channel length, and a second source electrode layer 419a and
a second drain electrode layer 41956, which reduce the resis-
tance of the source electrode layer and the drain electrode
layer and are provided over the first source electrode layer
418a and the first drain electrode layer 41864.

The distance between the first source electrode layer 418a
and the first drain electrode layer 4185 corresponds to the
channel length of the transistor 450. In order that the channel
length of the transistor 450 is less than 50 nm, preferably less
than 30 nm, a developed mask which is obtained by exposing
a resist with use of an electron beam is preferably used as an
etching mask, for example. At this time, in an electron beam
writing apparatus capable of electron beam irradiation, it is
preferable that irradiation be performed with the minimum
beam size set to 2 nm or less.

The thickness of a mask that can be formed by an electron
beam is small. For this reason, the first source electrode layer
418a and the first drain electrode layer 4185 are preferably
formed to have a small thickness in consideration of the
coverage of the resist functioning as the mask. However, a
reduction in the thickness of the first source electrode layer
418a and the first drain electrode layer 4185 makes the resis-
tance high. Accordingly, to reduce the resistance, it is prefer-
able to form the second source electrode layer 4194 and the
second drain electrode layer 4195 which can have a large
thickness.

Note that the thick second source electrode layer 4194 and
second drain electrode layer 4195 are formed over the thin
first source electrode layer 418q and first drain electrode layer
418b in FIG. 5C; however, it is also possible to form thin
source and drain electrode layers over thick source and drain
electrode layers.
<Application Example>

As an example of a semiconductor device, a circuit dia-
gram of a NOR circuit, which is a logic circuit, in which any
of the above transistors can be used is illustrated in FIG. 6A.
FIG. 6B is a circuit diagram of a NAND circuit.

In the NOR circuit illustrated in FIG. 6A, p-channel tran-
sistors 801 and 802 each have a structure in which a single
crystal silicon substrate is used for the channel formation
region, and n-channel transistors 803 and 804 each have a
structure which is similar to the structure of any of the tran-
sistors 420, 430, 440, and 450 and in which an oxide semi-
conductor layer is used for the channel formation region.

In the NOR circuit illustrated in FIG. 6A, a conductive
layer controlling the electrical characteristics of the transistor
may be provided to overlap with a gate electrode layer with an
oxide semiconductor layer provided therebetween in each of
the transistors 803 and 804. By controlling the potential of the
conductive layer to a potential lower than that of a source, for
example, GND (ground potential) or the minimum potential
of'the circuit, the threshold voltages of the transistors 803 and
804 are increased, so that the transistors can be normally off.
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In the NAND circuit illustrated in FIG. 6B, n-channel
transistors 812 and 813 each have a structure which is similar
to the structure of any of the transistors 420, 430, 440, and 450
and in which an oxide semiconductor layer is used for the
channel formation region.

In the NAND circuit illustrated in FIG. 6B, a conductive
layer controlling the electrical characteristics of the transistor
may be provided to overlap with a gate electrode layer with an
oxide semiconductor layer provided therebetween in each of
the transistors 812 and 813. By controlling the potential of the
conductive layer to a potential lower than that of a source, for
example, GND or the minimum potential of the circuit, the
threshold voltages of the transistors 812 and 813 are
increased, so that the transistors can be normally off.

By using a transistor including an oxide semiconductor for
the channel formation region and having extremely small
off-state current, power consumption of the semiconductor
device can be sufficiently reduced.

The use of any of the transistors 420, 430, 440, and 450
makes it possible to provide a NOR circuit and a NAND
circuit which are miniaturized, have high reliability, and show
stable characteristics.

An example of a semiconductor device (memory device)
which includes any of the above transistors, which can hold
stored data even when not powered, and which has an unlim-
ited number of write cycles is described with reference to
FIGS. 7A to 7C.

FIG. 7A is a circuit diagram illustrating a semiconductor
device.

In a transistor 260 illustrated in FIG. 7A, a channel is
formed in a single crystal silicon substrate, and the transistor
260 easily operates at high speed. Any of the transistors 420,
430,440, and 450 can be employed as a transistor 262, and the
transistor 262 enables charge to be held for a long time owing
to its characteristics.

Although all the transistors are n-channel transistors here,
p-channel transistors can be used as the transistors used for
the semiconductor device.

In FIG. 7A, a first wiring (1st Line) is electrically con-
nected to a source electrode layer of the transistor 260, and a
second wiring (2nd Line) is electrically connected to a drain
electrode layer of the transistor 260. A third wiring (3rd Line)
is electrically connected to one of the source electrode layer
and the drain electrode layer of the transistor 262, and a fourth
wiring (4th Line) is electrically connected to the gate elec-
trode layer of the transistor 262. A gate electrode layer of the
transistor 260 and the other of the source electrode layer and
the drain electrode layer of the transistor 262 are electrically
connected to one electrode of a capacitor 264. A fifth wiring
(5th Line) and the other electrode of the capacitor 264 are
electrically connected to each other.

The semiconductor device illustrate in FIG. 7A utilizes a
characteristic in which the potential of the gate electrode layer
of the transistor 260 can be held, and thus enables data writ-
ing, holding, and reading as follows.

Writing and holding of data will be described. First, the
potential of the fourth wiring is set to a potential at which the
transistor 262 is turned on, so that the transistor 262 is turned
on. Accordingly, the potential of the third wiring is supplied to
the gate electrode layer of the transistor 260 and to the capaci-
tor 264. That is, predetermined charge is supplied to the gate
electrode layer of the transistor 260 (writing). Here, charge
for supplying either of two different potential levels (herein-
after referred to as low-level charge and high-level charge) is
given. After that, the potential of the fourth wiring is set to a
potential at which the transistor 262 is turned off, so that the
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transistor 262 is turned off. Thus, the charge given to the gate
electrode layer of the transistor 260 is held (holding).

Since the off-state current of the transistor 262 is extremely
low, the charge of the gate electrode layer of the transistor 260
is held for a long time.

Next, reading of data will be described. By supplying an
appropriate potential (reading potential) to the fifth wiring
while supplying a predetermined potential (constant poten-
tial) to the first wiring, the potential of the second wiring
varies depending on the amount of charge held at the gate
electrode layer of the transistor 260. This is because in gen-
eral, when the transistor 260 is an n-channel transistor, an
apparent threshold voltage V,;, ., in the case where the high-
level charge is given to the gate electrode layer of the transis-
tor 260 is lower than an apparent threshold voltage V,,, ; in
the case where the low-level charge is given to the gate elec-
trode layer of the transistor 260. Here, an apparent threshold
voltage refers to the potential of the fifth wiring, which is
needed to turn on the transistor 260. Thus, the potential of the
fifth wiring is set to a potential V, which is between 'V, ,and
V.. 1, whereby charge given to the gate electrode layer of the
transistor 260 can be determined. For example, in the case
where the high-level charge is given in writing, when the
potential of the fifth wiring is set to V, >V, 5,), the transistor
260 is turned on. In the case where the low-level charge is
given in writing, even when the potential of the fifth wiring is
set to V, (<V,,, ), the transistor 260 remains in an off state.
Therefore, the data held can be read by measuring the poten-
tial of the second wiring.

Note that in the case where memory cells are arrayed to be
used, only data of desired memory cells needs to be read. In
the case where such reading is not performed, a potential at
which the transistor 260 is turned off regardless of the state of
the gate electrode layer, that is, a potential lower than V,, ,,
may be given to the fifth wiring. Alternatively, a potential at
which the transistor 260 is turned on regardless of the state of
the gate electrode layer, that is, a potential higher than V,,, ,
may be given to the fifth wiring.

FIG. 7B illustrates another example of one embodiment of
a structure of a memory device. FIG. 7B illustrates an
example of a circuit configuration of a semiconductor device,
and FIG. 7C is a conceptual diagram illustrating an example
of a semiconductor device. First, the semiconductor device
illustrated in FIG. 7B will be described, and then, the semi-
conductor device illustrated in FIG. 7C will be described.

In the semiconductor device illustrated in FIG. 7B, a bit
line BL. is electrically connected to one of the source electrode
layer and the drain electrode layer of the transistor 262, a
word line WL is electrically connected to the gate electrode
layer of the transistor 262, and the other of the source elec-
trode layer and the drain electrode layer of the transistor 262
is electrically connected to a first terminal of a capacitor 254.

Here, the transistor 262 including an oxide semiconductor
has extremely low off-state current. For that reason, a poten-
tial of the first terminal of the capacitor 254 (or a charge
accumulated in the capacitor 254) can be held for an
extremely long time by turning off the transistor 262.

Next, writing and holding of data in the semiconductor
device (a memory cell 250) illustrated in FIG. 7B will be
described.

First, the potential of the word line WL is set to a potential
at which the transistor 262 is turned on, so that the transistor
262 is turned on. Accordingly, the potential of the bit line BL.
is supplied to the first terminal of the capacitor 254 (writing).
After that, the potential of the word line WL is set to a
potential at which the transistor 262 is turned off, so that the
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transistor 262 is turned off. Thus, the potential of the first
terminal of the capacitor 254 is held (holding).

Because the off-state current of the transistor 262 is
extremely small, the potential of the first terminal of the
capacitor 254 (or a charge accumulated in the capacitor) can
be held for an extremely long period.

Next, reading of data will be described. When the transistor
262 is turned on, the bit line BL. which is in a floating state and
the capacitor 254 are electrically connected to each other, and
the charge is redistributed between the bit line BL. and the
capacitor 254. As a result, the potential of the bit line BL is
changed. The amount of change in potential of the bit line BLL
varies depending on the potential of the first terminal of the
capacitor 254 (or the charge accumulated in the capacitor
254).

For example, the potential of the bit line BL after charge
redistribution is represented by (CgxVz,+CxV)/(Cz+C),
where V is the potential of the first terminal of the capacitor
254, C is the capacitance of the capacitor 254, C is the
capacitance of the bit line BL (hereinafter also referred to as
bit line capacitance), and V4, is the potential of the bitline BL
before the charge redistribution. Therefore, it can be found
that assuming that the memory cell 250 is in either of two
states in which the potentials of the first terminal of the
capacitor 254 are V, and V, (V,>V,)), the potential of the bit
line BL in the case of holding the potential V| (=(CzxV 5o+
CxV,)/(Cz+C)) is higher than the potential of the bit line BL.
in the case of holding the potential V, (=(CzxV go+CxV )/
(Cz+0)).

Then, by comparing the potential of the bit line BL. with a
predetermined potential, data can be read.

As described above, the semiconductor device illustrated
in FIG. 7B can hold charge that is accumulated in the capaci-
tor 254 for a long time because the amount of the off-state
current of the transistor 262 is extremely small. In other
words, power consumption can be sufficiently reduced
because refresh operation becomes unnecessary or the fre-
quency of refresh operation can be extremely low. Moreover,
stored data can be stored for a long time even when power is
not supplied.

Next, the semiconductor device illustrated in FIG. 7C will
be described.

The semiconductor device illustrated in FIG. 7C includes
memory cell arrays 251a and 2515 including a plurality of
memory cells 250 illustrated in FIG. 7B as memory circuits in
an upper portion, and a peripheral circuit 253 in a lower
portion which is necessary for operating a memory cell array
251 (the memory cell arrays 251a and 2515). Note that the
peripheral circuit 253 is electrically connected to the memory
cell array 251.

Inthe structure illustrated in FIG. 7C, the peripheral circuit
253 can be provided directly under the memory cell array 251
(the memory cell arrays 251a and 2515). Thus, the size of the
semiconductor device can be reduced.

Itis preferable that a semiconductor material of a transistor
provided in the peripheral circuit 253 be different from that of
the transistor 262. For example, silicon, germanium, silicon
germanium, silicon carbide, gallium arsenide, or the like can
be used, and a single crystal semiconductor is preferably
used. Alternatively, an organic semiconductor material or the
like may be used. A transistor including such a semiconductor
material can operate at sufficiently high speed. Therefore, a
variety of circuits (e.g., a logic circuit or a driver circuit)
which need to operate at high speed can be favorably realized
by the transistor.

Note that FIG. 7C illustrates, as an example, the semicon-
ductor device in which two memory cell arrays 251 (the
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memory cell arrays 251a and 2515) are stacked; however, the
number of memory cell arrays to be stacked is not limited
thereto. Three or more memory cell arrays may be stacked.

When a transistor including an oxide semiconductor in a
channel formation region is used as the transistor 262, stored
data can be held for a long time. In other words, power
consumption can be sufficiently reduced because a semicon-
ductor device in which refresh operation is unnecessary or the
frequency of refresh operation is extremely low can be pro-
vided.

Further, a transistor which includes an oxide stack and in
which an oxide semiconductor layer to be a channel forma-
tion region is apart from the surface of the oxide stack is used
as thetransistor. Thus, a highly reliable semiconductor device
that shows stable electrical characteristics can be provided.

FIG. 8 illustrates an example of a specific structure of any
of the semiconductor devices illustrated in FIGS. 6A and 6B
and FIGS. 7A to 7C. FIG. 8 is a cross-sectional view of any of
the circuits illustrated in FIGS. 6A and 6B and FIGS. 7A to
7C. The semiconductor device in FIG. 8 includes a transistor
300, a transistor 320, and a transistor 340. The transistor 300
and the transistor 320 are each a transistor in which a channel
is formed in a single crystal silicon substrate. The transistor
340 is a transistor in which a channel is formed in an oxide
semiconductor. The structure of any of the transistors 420,
430, 440, and 450 can be applied to the transistor 340. Note
that in FIG. 8, the transistor 440 illustrated in FIG. 5B is used
as the transistor 340; however, another transistor may be used.

The transistor 300 and the transistor 320 are each a tran-
sistor obtained by forming an element isolation insulating
layer 302 in a silicon substrate and forming a region to be a
channel formation region in a region surrounded by the ele-
ment isolation insulating layer 302. A gate insulating layer
308 and a gate electrode layer 310 are formed to overlap with
the channel formation region. A source region 306a and a
drain region 3065 are formed in contact with the channel
formation region, and a source electrode layer 316a and a
drain electrode layer 3165 are formed in contact with the
source region 306a and the drain region 3064.

Although the above structure is shown as an example of the
structure of each of the transistors 300 and 320, a known
structure of a transistor can be applied to the transistors 300
and 320.

An insulating layer 328, an insulating layer 330, and an
insulating layer 332 are formed over the transistors 300 and
320. The insulating layer 332 serves as a protective film
which prevents entry of an impurity such as silicon or hydro-
gen to an oxide semiconductor layer in the transistor 340 from
the transistors 300 and 320. The insulating layer 330 prevents
entry of oxygen or the like included in the transistor 340 to the
transistors 300 and 320.

A conductive layer 322, a conductive layer 324, a conduc-
tive layer 326, and the like are formed in openings provided in
the insulating layers, and the drain electrode layer 3165 of the
transistor 320 is electrically connected to a drain electrode of
the transistor 340 through the conductive layers.

Asillustrated in FIG. 8, the transistor 320 and the transistor
340 partly overlap with each other; thus, the area needed for
the circuit can be reduced and high integration can be
achieved.

Although the variety of films such as the metal film, the
semiconductor layer, and the inorganic insulating film which
are described in the above embodiment can be formed by a
sputtering method or a plasma chemical vapor deposition
(CVD) method, such films may be formed by another
method, e.g., athermal CVD method. A metal organic chemi-
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cal vapor deposition (MOCVD) method or an atomic layer
deposition (ALD) method may be employed as an example of
a thermal CVD method.

A thermal CVD method has an advantage that no defect
due to plasma damage is generated since it does not utilize
plasma for forming a film.

Deposition by athermal CVD method may be performed in
such a manner that the pressure in a chamber is set to an
atmospheric pressure or a reduced pressure, and a source gas
and an oxidizer are supplied to the chamber at a time and react
with each other in the vicinity of the substrate or over the
substrate.

Deposition by an ALD method may be performed in such
a manner that the pressure in a chamber is set to an atmo-
spheric pressure or a reduced pressure, source gases for reac-
tion are sequentially introduced into the chamber, and then
the sequence of the gas introduction is repeated. For example,
two or more kinds of source gases are sequentially supplied to
the chamber by switching respective switching valves (also
referred to as high-speed valves). For example, a first source
gas is introduced, an inert gas (e.g., argon or nitrogen) or the
like is introduced at the same time as or after the introduction
of'the first gas so that the source gases are not mixed, and then
a second source gas is introduced. Note that in the case where
the first source gas and the inert gas are introduced at a time,
the inert gas serves as a carrier gas, and the inert gas may also
be introduced at the same time as the introduction of the
second source gas. Alternatively, the first source gas may be
exhausted by vacuum evacuation instead of the introduction
of the inert gas, and then the second source gas may be
introduced. The first source gas is adsorbed on the surface of
the substrate to form a first single-atomic layer; then the
second source gas is introduced to react with the first single-
atomic layer; as a result, a second single-atomic layer is
stacked over the first single-atomic layer, so that a thin film is
formed. The sequence of the gas introduction is repeated
plural times until a desired thickness is obtained, whereby a
thin film with excellent step coverage can be formed. The
thickness of the thin film can be adjusted by the number of
repetitions times of the sequence of the gas introduction;
therefore, an ALD method makes it possible to accurately
adjust a thickness and thus is suitable for manufacturing a
minute FET.

The variety of films such as the metal film, the semicon-
ductor layer, and the inorganic insulating film which are
described in the above embodiment can be formed by a ther-
mal CVD method such as a MOCVD method or an ALD
method. For example, in the case where an InGaZnO,, (X>0)
film is formed, trimethylindium, trimethylgallium, and dieth-
ylzinc are used. Note that the chemical formula of trimeth-
ylindium is (CH;);In. The chemical formula of trimethylgal-
lium is (CH;);Ga.

The chemical formula of diethylzinc is (CH,),Zn. Without
limitation to the above combination, triethylgallium (chemi-
cal formula: (C,H;),Ga) can be used instead of trimethylgal-
lium and dimethylzinc (chemical formula: (C,Hs),Zn) can be
used instead of diethylzinc.

For example, in the case where a hafhium oxide film is
formed, two kinds of'gases, i.e., ozone (O;) as an oxidizer and
a source gas which is obtained by vaporizing a solvent and
liquid containing a hafnium precursor compound (a hafnium
alkoxide solution, typically tetrakis(dimethylamide)hafnium
(TDMAH)) are used. Note that the chemical formula of tet-
rakis(dimethylamide)hafnium is HfN(CH;),,. Examples of
another material liquid include tetrakis(ethylmethylamide)
hafnium.
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For example, in the case where an aluminum oxide film is
formed, two kinds of gases, e.g., H,O as an oxidizer and a
source gas which is obtained by vaporizing a solvent and
liquid containing an aluminum precursor compound (e.g.,
trimethylaluminum (TMA)) are used. Note that the chemical
formula of trimethylaluminum is Al(CH;);. Examples of
another material liquid include tris(dimethylamide)alumi-
num, triisobutylaluminum, and aluminum tris(2,2,6,6-tet-
ramethyl-3,5-heptanedionato).

For example, in the case where a silicon oxide film is
formed, hexadichlorosilane is adsorbed on a surface where a
film is to be formed, chlorine contained in the adsorbate is
removed, and radicals of an oxidizing gas (e.g., O, or dini-
trogen monoxide) are supplied to react with the adsorbate.

For example, in the case where a tungsten film is formed
using a deposition apparatus employing ALD, a WF gas and
a B,H, gas are sequentially introduced plural times to form an
initial tungsten film, and then a WF gas and an H, gas are
introduced at a time, so that a tungsten film is formed. Note
that an SiH,, gas may be used instead of a B,H, gas.

For example, in the case where an oxide semiconductor
film, e.g., an InGaZnO, (X>0) film is formed using a depo-
sition apparatus employing ALD, an In(CH,); gas and an O,
gas are sequentially introduced plural times to form an InO,
layer, a Ga(CHj;); gas and an O; gas are introduced at a time
to form a GaO layer, and then a Zn(CH,), gas and an O, gas
are introduced at a time to form a ZnO layer. Note that the
order of these layers is not limited to this example. A mixed
compound layer such as an InGaQ, layer, an InZnO, layer, a
GalnO layer, a ZnlnO layer or a GaZnO layer may be formed
by mixing of these gases. Note that although an H,O gas
which is obtained by bubbling with an inert gas such as Ar
may be used instead of an O, gas, it is preferable to use an O,
gas, which does not contain H. Further, instead of an In(CH,),
gas, an In(C,H,); gas may be used. Instead of a Ga(CH,); gas,
a Ga(C,Hs); gas may be used. Instead of an In(CH,); gas, an
In(C,H;); may be used. Furthermore, a Zn(CH,), gas may be
used.
<FElectronic Device>

Examples of application of any of the semiconductor
devices described above to electronic devices such as a smart-
phone or an e-book reader will be described with reference to
FIG. 9, FIG. 10, FIG. 11, and FIGS. 12A and 12B.

FIG. 9 is a block diagram of an electronic device. An
electronic device illustrated in FIG. 9 includes an RF circuit
901, an analog baseband circuit 902, a digital baseband cir-
cuit 903, a battery 904, a power supply circuit 905, an appli-
cation processor 906, a flash memory 910, a display control-
ler 911, a memory circuit 912, a display 913, a touch sensor
919, an audio circuit 917, a keyboard 918, and the like. The
display 913 includes a display portion 914, a source driver
915, and a gate driver 916. The application processor 906
includes a CPU 907, a DSP 908, and an interface (IF) 909. In
general, the memory circuit 912 includes an SRAM or a
DRAM; by employing any of the semiconductor devices
described above for the memory circuit 912, it is possible to
provide a highly reliable electronic device in which writing
and reading of data can be performed at high speed, data can
be held for a long time, and power consumption can be suf-
ficiently reduced.

FIG. 10 illustrates an example in which any of the semi-
conductor devices described above is used for a memory
circuit 950 in a display. The memory circuit 950 illustrated in
FIG. 10 includes a memory 952, a memory 953, a switch 954,
a switch 955, and a memory controller 951. Further, the
memory circuit is connected to a display controller 956 which
reads and controls image data input through a signal line
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(input image data) and data stored in the memories 952 and
953 (stored image data), and is also connected to a display
957 which displays an image based on a signal input from the
display controller 956.

First, image data (input image data A) is formed by an
application processor (not shown). The input image data A is
stored in the memory 952 through the switch 954. The image
data (stored image data A) stored in the memory 952 is trans-
mitted to the display 957 through the switch 955 and the
display controller 956, and is displayed on the display 957.

Inthe case where the input image data A is not changed, the
stored image data A is read from the memory 952 through the
switch 955 by the display controller 956 normally at a fre-
quency of approximately 30 Hz to 60 Hz.

Next, for example, when data displayed on the screen is
rewritten by a user (that is, in the case where the input image
data A is changed), new image data (input image data B) is
formed by the application processor. The input image data B
is stored in the memory 953 through the switch 954. Also
during this time, the stored image data A is regularly read
from the memory 952 through the switch 955. After the
completion of storing the new image data (stored image data
B) in the memory 953, from the next frame for the display
957, the stored image data B starts to be read, is transmitted to
the display 957 through the switch 955 and the display con-
troller 956, and is displayed on the display 957. This reading
operation continues until another new image data is stored in
the memory 952.

By alternately writing and reading image data to and from
the memory 952 and the memory 953 as described above,
images are displayed on the display 957. Note that the
memory 952 and the memory 953 are not limited to separate
memories, and a single memory may be divided and used. By
employing any of the semiconductor devices described above
for the memory 952 and the memory 953, writing and reading
of data can be performed at high speed, data can be held fora
long time, and power consumption can be sufficiently
reduced. Further, a semiconductor device which is hardly
affected by entry of water, moisture, and the like from the
outside and has high reliability can be provided.

FIG. 11 is a block diagram of an e-book reader. The e-book
reader in FIG. 11 includes a battery 1001, a power supply
circuit 1002, a microprocessor 1003, a flash memory 1004, an
audio circuit 1005, a keyboard 1006, a memory circuit 1007,
a touch panel 1008, a display 1009, and a display controller
1010.

Here, any of the semiconductor devices described above
can be used for the memory circuit 1007 in FIG. 11. The
memory circuit 1007 has a function of temporarily holding
the contents of a book. For example, when a user uses a
highlight function, the memory circuit 1007 stores and holds
data of'a portion specified by the user. Note that the highlight
function is used to make a difference between a specific
portion and the other portions while reading an e-book, by
marking the specific portion, e.g., by changing the display
color, underlining, making characters bold, changing the font
of characters, or the like. In order to store the data for a short
time, the data may be stored in the memory circuit 1007. In
order to store the data for a long time, the data stored in the
memory circuit 1007 may be copied to the flash memory
1004. Also in such a case, by employing any of the semicon-
ductor devices described above, data can be written and read
at high speed and held for a long time, and power consump-
tion can be sufficiently reduced. Further, a semiconductor
device which is hardly affected by entry of water, moisture,
and the like from the outside and has high reliability can be
provided.
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FIGS. 12A and 12B illustrate a specific example of an
electronic device. FIGS. 12A and 12B illustrate a foldable
tablet terminal. The tablet terminal is opened in FIG. 12A.
Thetablet terminal includes a housing 9630, a display portion
9631a, a display portion 96315, a display mode switch 9034,
a power switch 9035, a power saver switch 9036, a clasp
9033, and an operation switch 9038.

Any of the above semiconductor devices can be used for
the display portion 96314 and the display portion 96315, so
that the tablet terminal can have high reliability. Further, the
above semiconductor devices may be used in combination as
appropriate.

Part of the display portion 9631a can be a touch panel
region 96324, and data can be input by touching operation
keys 9638 that are displayed. Although a structure in which a
half region in the display portion 96314 has only a display
function and the other half region also has a touch panel
function is shown as an example, the display portion 9631a is
not limited to the structure. For example, the display portion
9631a can display a keyboard in the whole region to be a
touch panel, and the display portion 96315 can be used as a
display screen.

As in the display portion 96314, part of the display portion
96315 can be a touch panel region 96325. When a keyboard
display switching button 9639 displayed on the touch panel is
touched with a finger, a stylus, or the like, a keyboard can be
displayed on the display portion 96315.

Touch input can be performed in the touch panel region
9632a and the touch panel region 96325 at the same time.

The display mode switch 9034 can switch the display
between portrait mode, landscape mode, and the like, and
between monochrome display and color display, for example.
The power saver switch 9036 can control display luminance
in accordance with the amount of external light in use of the
tablet terminal detected by an optical sensor incorporated in
the tablet terminal. In addition to the optical sensor, another
detection device including a sensor for detecting inclination,
such as a gyroscope or an acceleration sensor, may be incor-
porated in the tablet terminal.

Although the display portion 9631a and the display portion
96315 have the same display area in FIG. 12A, one embodi-
ment of the present invention is not limited to this structure.
The display portion 96314 and the display portion 96315 may
have different areas or different display quality. For example,
one of them may be a display panel that can display higher-
definition images than the other.

The tablet terminal is closed in FIG. 12B. The tablet ter-
minal includes the housing 9630, a solar cell 9633, a charge
and discharge control circuit 9634, a battery 9635, and a
DCDC converter 9636. In FIG. 12B, a structure including the
battery 9635 and the DCDC converter 9636 is illustrated as an
example of the charge and discharge control circuit 9634.

Since the tablet terminal is foldable, the housing 9630 can
be closed when the tablet terminal is not used. As a result, the
display portion 9631a and the display portion 96315 can be
protected; thus, a tablet terminal which has excellent durabil-
ity and excellent reliability in terms of long-term use can be
provided.

In addition, the tablet terminal illustrated in FIGS. 12A and
12B can have a function of displaying a variety of kinds of
data (e.g., a still image, a moving image, and a text image), a
function of displaying a calendar, a date, the time, or the like
on the display portion, a touch-input function of operating or
editing the data displayed on the display portion by touch

10

15

20

25

30

35

40

45

50

55

60

65

34

input, a function of controlling processing by a variety of
kinds of software (programs), and the like.

EXAMPLE 1

In this example, silicon oxynitride films which can be used
as a gate insulating layer included in a semiconductor device
of one embodiment of the present invention were fabricated,
and characteristics thereof were evaluated.

First, a method for fabricating samples is described.

A 100-nm-thick silicon oxynitride film was formed over a
quartz substrate. The silicon oxynitride film was formed
under the following conditions: the substrate was placed in a
treatment chamber of a plasma CVD apparatus, silane with a
flow rate of 1 sccm and dinitrogen monoxide with a flow rate
of 800 sccm as a source gas were supplied to the treatment
chamber, and a power of 150 W was supplied with the use of
a 60 MHz high-frequency power source. Further, the tem-
perature of the substrate at the formation of the silicon oxyni-
tride film was 350° C. Note that the plasma CVD apparatus
used in this example is a parallel-plate plasma CVD apparatus
in which the electrode area is 615 cm” and the density of
power applied to a wafer is 2.4x10~! W/cm?.

Here, the silicon oxynitride film was deposited at a pres-
sure of 200 Pa for Sample C1, 100 Pa for Sample C2, and 40
Pa for Comparative Sample C3. Sample C1 and Sample C2
are silicon oxynitride films deposited at pressures greater than
or equal to 100 Pa, which are conditions suitable for a gate
insulating layer included in a semiconductor device of one
embodiment of the present invention. On the other hand,
Comparative Sample C3 is a silicon oxynitride film deposited
under a condition which is not suitable for a gate insulating
layer included in a semiconductor device of one embodiment
of the present invention.

Next, the samples were subjected to ESR measurement. In
the ESR measurement performed at a predetermined tem-
perature, a value of a magnetic field (H,) where a microwave
is absorbed is used for an equation g=hv/pH,); thus, a param-
eter “g-factor” can be obtained. Note that the frequency of the
microwave is denoted by v, and the Planck constant and the
Bohr magneton are denoted by, respectively, h and 3, which
are both constants.

Here, the ESR measurement was performed under the fol-
lowing conditions. The measurement temperature was room
temperature (25° C.), the high-frequency power (power of
microwaves) of 9.5 GHz was 20 mW, and the direction of a
magnetic field was parallel to a surface of each sample. The
spin density corresponding to a signal at a g-factor of 2.001
due to dangling bonds in the silicon oxynitride film was
measured. The lower limit of detection was 1x10"7 spins/cm>
(1x10'! spins/cm? per unit area).

FIGS. 17A to 17C show the results of the ESR measure-
ment performed on Sample C1, Sample C2, and Comparative
Sample C3. FIG. 17A, FIG. 17B, and FIG. 17C show the
results of ESR measurement of Sample C1, Sample C2, and
Comparative Sample C3, respectively. In the graphs shown in
FIGS. 17A to 17C, the vertical axis represents a first-order
derivative of the absorption intensity of a microwave, and the
horizontal axis represents a g-factor.

Next, the integrated intensity of the signal at a g-factor of
around 2.001 in the spectrum shown in each of FIGS. 17A to
17C was calculated. Then, the number of spins was obtained
from the ratio of the calculated integrated intensity to that of
a standard sample and the number of spins in the standard
sample. The obtained number of spins was divided by the
volume of'the film, whereby the spin density corresponding to
the absorption intensity of the microwave was calculated.
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FIG. 18 shows the spin density in each sample. The spin
density was 3.7x10'? spins/cm> (3.7x10** spins/cm?® per unit
area) in Sample C1, 2.3x10"® spins/cm> (2.3x10'? spins/cm>
per unit area) in Sample C2, and 3.5x10'7 spins/cm® (3.5x
10** spins/cm? per unit area) in Comparative Sample C3. That
is, the lower the deposition pressure is, the lower the spin
density in the silicon oxynitride film is. Sample C1 and
Sample C2 are silicon oxynitride films each having a spin
density of 2x10'® spins/cm® or more (2x10"? spins/cm® or
more per unit area) corresponding to the signal at a g-factor of
2.001 (greater than or equal to 2.00 and less than or equal to
2.01), which can be suitably used for a semiconductor device
of one embodiment of the present invention. The higher the
density of spins detected in the silicon oxynitride film is, the
larger the number of oxygen vacancies formed in the silicon
oxynitride film is. In other words, the density of spins
detected in the silicon oxynitride film is proportional to the
number of oxygen vacancies formed in the silicon oxynitride
film. This means that Sample C1 and Sample C2 in this
embodiment release oxygen to an oxide semiconductor layer
more easily than Comparative Sample C3.

Next, the wet etching rate of each sample was measured.
Etching was performed at 20° C. using a mixed solution
containing 6.7% ammonium hydrogen fluoride (NH,HF,)
and 12.7% ammonium fluoride (NH,F) (product name: LAL
500, produced by Stella Chemifa Corporation) as an etchant.
FIG. 19 shows the relation between the deposition pressure
and the wet etching rate of the silicon oxynitride film. In FIG.
19, the horizontal axis represents the pressure in deposition of
silicon oxynitride film and the vertical axis represents the wet
etching rate of silicon oxynitride film.

Here, the wet etching rate of Comparative Sample C3
(deposition pressure: 40 Pa) was 108.9 [nm/min], the wet
etching rate of Sample C2 (deposition pressure: 100 Pa) was
97.9 [nm/min], and the wet etching rate of Sample C1 (depo-
sition pressure: 200 Pa) was 76.4 [nm/min]. The results show
that as the deposition pressure is increased, the etching rate is
decreased and a denser film is formed.

Next, the nitrogen concentration in the depth direction in
each sample was analyzed by SIMS. The results are shown in
FIG. 20. The solid line, the broken line, and the dashed-dotted
line show the results of Sample C1, Sample C2, and Com-
parative Sample C3, respectively. The SIMS analysis was
performed by using a PHI ADEPT-1010 quadrupole SIMS
instrument manufactured by ULVAC-PHI, Inc.

In FIG. 20, the nitrogen concentration in each silicon
oxynitride film is quantified. Each sample was analyzed from
the upper surface side. Note that the depth represented by the
horizontal axis in FIG. 20 was not actually measured but was
estimated from the etching rate of a standard sample.

The average nitrogen concentration in a region (depth: 20
nm to 60nm) that is less affected by an interface was 5.7x10°
atoms/cm? in Sample C1, 3.6x10?° atoms/cm? in Sample C2,
and 1.7x10%° atoms/cm> in Comparative Sample C3. By com-
paring the nitrogen concentrations in the samples, it was
found that Sample C1 had the highest nitrogen concentration
and Comparative Sample C3 had the lowest nitrogen concen-
tration.

EXAMPLE 2

In this example, silicon oxynitride films which can be used
as a gate insulating layer included in a semiconductor device
of one embodiment of the present invention were fabricated,
and characteristics thereof were evaluated.

A 100-nm-thick silicon oxynitride film was formed over a
silicon substrate. Conditions for forming the silicon oxyni-
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tride film were similar to those in Example 1. Here, the silicon
oxynitride film was deposited at a pressure of 200 Pa for
Sample F1, 100 Pa for Sample F2, and 40 Pa for Comparative
Sample F3.

FIGS. 21A to 21C show the TDS results of Sample F1,
Sample F2, and Comparative Sample F3. In the TDS analysis,
the ion intensity of a gas detected at m/z=2 (e.g., H,) was
measured. FIG. 21A, FIG. 21B, and FIG. 21C show the
results of Sample F1, Sample F2, and Comparative Sample
F3, respectively.

Similarly, FIGS. 22A to 22C show the TDS results of
Sample F1, Sample F2, and Comparative Sample F3. In the
TDS analysis, the ion intensity of a gas detected at m/z=18
(e.g., H,0) was measured. FIG. 22A, FIG. 22B, and FIG. 22C
show the results of Sample F1, Sample F2, and Comparative
Sample F3, respectively.

Similarly, FIGS. 23A to 23C show the TDS results of
Sample F1, Sample F2, and Comparative Sample F3. In the
TDS analysis, the ion intensity of a gas detected at m/z=28
(e.g., N,) was measured. FIG. 23A, FIG. 23B, and FI1G. 23C
show the results of Sample F1, Sample F2, and Comparative
Sample F3, respectively.

Similarly, FIGS. 24A to 24C show the TDS results of
Sample F1, Sample F2, and Comparative Sample F3. In the
TDS analysis, the ion intensity of a gas detected at m/z=32
(e.g., O,) was measured. FIG. 24A, FIG. 24B, and FIG. 24C
show the results of Sample F1, Sample F2, and Comparative
Sample F3, respectively.

According to FIGS. 24A to 24C, a gas (m/z=32) was
released from Sample F1 in the TDS analysis. This shows that
a silicon oxynitride film which releases oxygen by being
subjected to heat treatment (contains excess oxygen) can be
formed by increasing the deposition pressure up to about 200
Pa. When excess oxygen contained in the silicon oxynitride
film moves to an oxide semiconductor layer, the number of
oxygen vacancies in the oxide semiconductor layer can be
reduced. Thus, a transistor including an oxide semiconductor
layer and a silicon oxynitride film containing excess oxygen
has stable electrical characteristics and high reliability.

EXAMPLE 3

In this example, the silicon oxynitride films described in
Example 1 were fabricated and binding states in the films
were evaluated.

A 20-nm-thick silicon oxynitride film was formed over a
silicon substrate. Conditions for forming the silicon oxyni-
tride film were similar to those in Example 1. Here, the silicon
oxynitride film was deposited at a pressure of 200 Pa for
Sample G1, 100 Pa for Sample G2, and 40 Pa for Comparative
Sample G3.

Next, evaluation of binding states in the samples was car-
ried out by X-ray photoelectron spectroscopy (XPS). The
results are shown in FIG. 25, FIG. 26, FIG. 27, and FIG. 28.
In the XPS, Quantera SXM manufactured by ULVAC-PHI,
Inc. was used and monochromatic AlKa ray (1.486 keV) was
used for an X-ray source. The diameter of a detection region
was set to 100 um and the depth thereof was set to greater than
or equal to 4 nm and less than or equal to 5 nm.

FIG. 25 shows XPS spectra of the samples in a wide bind-
ing energy range of 0 eV to 1350 eV. In FIG. 25, the XPS
spectra of the samples overlap with each other and no differ-
ence is observed therebetween.

Next, high-resolution XPS spectra of each sample in the
vicinity of peaks are shown in FIG. 26, FIG. 27, and FIG. 28.
FIG. 26, FIG. 27, and FIG. 28 show the high-resolution XPS
spectra of Sample G1, Sample G2, and Comparative Sample



US 9,166,021 B2

37
3, respectively. The main binding states and chemical shifts
are shown in FIG. 26, FIG. 27, and FI1G. 28 for reference.
By comparing the high-resolution XPS spectra in FIG. 26,
FIG. 27, and FIG. 28, it was found that only Sample G1 had
a slight peak at a binding energy 0£397.0eV 10 398.5 eV. This
means that Sample G1 has a Si—N bond.

EXAMPLE 4

In this example, the silicon oxynitride film described in
Example 1 was formed over an oxide semiconductor layer,
and the oxide semiconductor layer was evaluated.

First, a method for fabricating samples is described.

A 100-nm-thick In—Ga—7n oxide layer was formed over
a quartz substrate by a sputtering method. Here, the In—Ga—
Zn oxide layer was formed under the following conditions: a
sputtering target containing In, Ga, and Zn at an atomic ratio
of'1:1:1 was used, Ar with a flow rate of 30 sccm and oxygen
with a flow rate of 15 sccm were supplied as a sputtering gas
to a reaction chamber of a sputtering apparatus, the pressure
in the reaction chamber was controlled to 0.4 Pa, and a direct
current power of 0.5 kW was supplied. Note that the substrate
temperature in the formation of the In—Ga—7n oxide layer
was set at 300° C.

Next, a 100-nm-thick silicon oxynitride film was formed
over the In—Ga—7n oxide layer. Conditions for forming the
silicon oxynitride film were similar to those in Example 1.
Here, the silicon oxynitride film was deposited at a pressure
01200 Pa for Sample D1, 100 Pa for Sample D2, and 40 Pa for
Comparative Sample D3.

Sample D1, Sample D2, and Comparative Sample D3 were
subjected to ESR measurement. The ESR measurement was
performed under the following conditions: the measurement
temperature was room temperature (25° C.), the high-fre-
quency power (power of microwaves) of 9.5 GHzwas 20 mW,
and the direction of a magnetic field was parallel to a surface
of each sample. Note that the lower limit of detection of the
spin density corresponding to a signal at a g-factor of 1.93 due
to oxygen vacancies in the In—Ga—Z7n oxide layer was
1x10%7 spins/em® (1x10*! spins/cm?® per unit area).

FIGS. 29A to 29C show the results of the ESR measure-
ment performed on Sample D1, Sample D2, and Comparative
Sample D3. FIG. 29A, FIG. 29B, and FIG. 29C show the
results of ESR measurement of Sample D1, Sample D2, and
Comparative Sample D3, respectively. In the graphs shown in
FIGS. 29A to 29C, the vertical axis represents a first-order
derivative of the absorption intensity of a microwave, and the
horizontal axis represents a g-factor.

As shownin FIGS. 29A t0 29C, a signal ata g-factorof 1.93
was not observed in Sample D1, whereas a signal at a g-factor
01'1.93 was observed in Sample D2 and Comparative Sample
D3. Then, the spectral intensity in each of FIGS. 29A to 29C
was fitted with a Lorentz profile, and the spin density corre-
sponding to the absorption intensity of the microwave was
obtained by calculating the integral value of the signal at a
g-factor of around 1.93. Note that the spin density in Sample
D1 was less than the lower limit of detection of the absorption
of the microwave (1x10'7 spins/cm?).

FIG. 30 shows the spin densities each corresponding to the
signal at a g-factor of 1.93. As seen from FIG. 30, the spin
density in the In—Ga—Z7n oxide was lowered as the pressure
in deposition of the silicon oxynitride film was increased, and
became less than the lower limit of detection (1x10'7 spins/
cm®) at a deposition pressure of 200 Pa.

The above results show that when the pressure in deposi-
tion of a gate insulating layer over an In—Ga—Z7n oxide is
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increased, oxygen vacancies in the In—Ga—Z7n oxide can be
reduced and the In—Ga—Z7n oxide can have stable charac-
teristics.

EXAMPLE 5

In this example, the silicon oxynitride film described in
Example 1 was formed over an oxide semiconductor layer,
and the impurity concentrations in the silicon oxynitride film
and in the oxide semiconductor layer were measured.

First, a method for fabricating samples is described.

A 300-nm-thick silicon oxide film was formed over a
single crystal silicon substrate by a sputtering method. The
silicon oxide film was formed under the following conditions:
oxygen with a flow rate of 50 sccm was supplied as a sput-
tering gas to a reaction chamber of a sputtering apparatus, the
pressure in the reaction chamber was controlled to 0.4 Pa, and
a direct current power of 1.5 kW was supplied. The substrate
temperature was set to 100° C.

Then, a 100-nm-thick In—Ga—7n oxide layer was
formed over the silicon oxide film by a sputtering method.
Here, the In—Ga—7Z7n oxide layer was formed under the
following conditions: a sputtering target containing In, Ga,
and Zn at an atomic ratio of 1:1:1 was used, Ar with a flow rate
of 30 sccm and oxygen with a flow rate of 15 sccm were
supplied as a sputtering gas to a reaction chamber of a sput-
tering apparatus, the pressure in the reaction chamber was
controlled to 0.4 Pa, and a direct current power of 0.5 kW was
supplied. Note that the substrate temperature in the formation
of'the In—Ga—7Z7n oxide layer was set at 300° C.

Here, heat treatment was performed. The heat treatment
was performed at 450° C. in a nitrogen atmosphere for one
hour and then in an oxygen atmosphere for one hour.

Next, a 20-nm-thick silicon oxynitride film was formed
over the In—Ga—7n oxide layer by a plasma CVD method.
Conditions for forming the silicon oxynitride film were simi-
lar to those in Example 1. Here, the silicon oxynitride film
was deposited at a pressure of 200 Pa for Sample E1, 100 Pa
for Sample E2, and 40 Pa for Comparative Sample E3.

FIG. 31 shows the results of measuring the indium concen-
tration in the silicon oxynitride film in each sample. The
dashed-dotted line, the dotted line, and the solid line in the
graph show the measurement results of Sample E1, Sample
E2, and Comparative Sample E3, respectively. In the graph,
SiON represents silicon oxynitride, and IGZO represents the
In—Ga—7Z7n oxide. The concentration of indium which
enters the silicon oxynitride from the interface between the
In—Ga—7n oxide layer and the silicon oxynitride film (the
interface is located ata depth of 15 nm in the graph) is lowered
as the deposition pressure is increased, as shown in FIG. 31.
This means that as the deposition pressure is increased, dif-
fusion of indium from the In—Ga—Z7n oxide layer is reduced
more. For example, when a silicon oxynitride film is used as
a gate insulating layer, high indium concentration in the sili-
con oxynitride film might cause a decrease in withstand volt-
age, formation of a defect state, or the like. A reduction in
diffusion of indium enables a transistor including an oxide
semiconductor layer to have stable electrical characteristics.

Next, the impurity concentrations in the oxide semicon-
ductor layer were measured in Sample E1, Sample E2, and
Comparative Sample E3.

Here, the hydrogen concentration, the carbon concentra-
tion, the nitrogen concentration, and the fluorine concentra-
tion in the depth direction in each sample were analyzed by
SIMS. The results are shown in FIGS. 32A and 32B and
FIGS. 33A and 33B. The solid line, the broken line, and the
dashed-dotted line show the results of Sample E1, Sample E2,
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and Comparative Sample E3, respectively. In the graph, SION
represents silicon oxynitride, IGZO represents the In—Ga—
Znoxide, and SiOx represents silicon oxide. The SIMS analy-
sis was performed by using a PHI ADEPT-1010 quadrupole
SIMS instrument manufactured by ULVAC-PHI, Inc.

In FIG. 32 A, the hydrogen concentration in each In—Ga—
Zn oxide layer is quantified. In FIG. 32B, the carbon concen-
tration in each In—Ga—7n oxide layer is quantified. In FIG.
33A, the nitrogen concentration in each In—Ga—7n oxide
layer is quantified. In FIG. 33B, the fluorine concentration in
each In—Ga—7n oxide layer is quantified. Each sample was
analyzed from the upper surface side. Note that the depth
represented by the horizontal axis in each of FIGS. 32A and
32B and FIGS. 33A and 33B was not actually measured but
was estimated from the etching rate of a standard sample.

The hydrogen concentration in the In—Ga—7n oxide
layer in Sample E1 was lower than those in Sample E2 and
Comparative Sample E3. There was almost no difference
between the samples in the carbon concentration, the nitrogen
concentration, and the fluorine concentration in the In—Ga—
Zn oxide layer.

Hydrogen is an impurity for an oxide semiconductor and
may cause a defect state or the like. Thus, the hydrogen
concentration in the oxide semiconductor layer is preferably
as low as possible. This means that the silicon oxynitride film
in Sample E1 is particularly suitable for a transistor including
an oxide semiconductor layer.

EXAMPLE 6

In this example, a transistor including a gate insulating
layer which can be used in a semiconductor device of one
embodiment of the present invention was compared with
Comparative Transistor in electrical characteristics.

First, a method for fabricating transistors is described.

A 300-nm-thick silicon oxynitride film as a base insulating
layer was formed over a single crystal silicon substrate by a
plasma CVD method. For the formation of the silicon oxyni-
tride film, silane with a flow rate of 2.3 sccm and dinitrogen
monoxide with a flow rate of 800 sccm as a source gas were
supplied to a treatment chamber, and a power of 50 W was
supplied with the use of a 27.12 MHz high-frequency power
source. Further, the temperature of the substrate at the forma-
tion of the silicon oxynitride film was 450° C. Note that the
plasma CVD apparatus used in this example is a parallel-plate
plasma CVD apparatus in which the electrode area is 615 cm?
and the power density is 8.1x107> W/cm?.

Next, a surface of the silicon oxynitride film was subjected
to polishing treatment by a chemical mechanical polishing
method, so that the average surface roughness (R,) of the
surface of the silicon oxynitride film was approximately 0.2
nm. Then, oxygen was implanted to the silicon oxynitride
film by an ion implantation method. The conditions of the
oxygen implantation were as follows: an acceleration voltage
of 60 kV and a dosage of 2x10'® jons/cm?.

A 15-nm-thick In—Ga—Z7n oxide layer as an oxide semi-
conductor layer was formed over the base insulating layer.
The In—Ga—7n oxide layer was formed by a sputtering
method using an oxide target containing In, Ga, and Zn at an
atomic ratio of 1:1:1 under the following conditions: argon
with a flow rate of 30 sccm and oxygen with a flow rate of 15
sccm as a sputtering gas were supplied, the pressure was 0.4
Pa, the power was 0.5 kW, and the substrate temperature was
300° C.

Next, heat treatment was performed. The heat treatment
was performed at 450° C. in a nitrogen atmosphere for one
hour and then in an oxygen atmosphere for one hour.
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Then, the In—Ga—Z7n oxide layer was etched by an induc-
tively coupled plasma (ICP) etching method under the fol-
lowing conditions: BCl; with a flow rate of 60 sccm and Cl,
with a flow rate of 20 sccm as an etching gas were supplied,
the power was 450 W, the bias power was 100 W, and the
pressure was 1.9 Pa. By this etching, the In—Ga—Z7n oxide
layer was processed into an island-shaped oxide semiconduc-
tor layer.

Next, a 100-nm-thick tungsten film to be a source electrode
layer and a drain electrode layer was formed over the base
insulating layer and the oxide semiconductor layer by a sput-
tering method.

Then, the tungsten film was etched by an ICP etching
method. This etching included first etching in which chlorine
(Cl,) with a flow rate of 45 sccm, carbon tetrafluoride (CF,)
with a flow rate of 55 sccm, and oxygen (O,) with a flow rate
of 55 sccm were supplied as an etching gas, the power was
3000 W, the bias power was 110 W, and the pressure was 0.67
Pa; second etching in which oxygen (O,) with a flow rate of
100 sccm was supplied as an etching gas, the power was 2000
W, the bias power was 0 W, and the pressure was 3 Pa; and
third etching in which chlorine (Cl,) with a flow rate of 45
sccm, carbon tetrafluoride (CF,) with a flow rate of 55 scem,
and oxygen (O,) with a flow rate of 55 sccm were supplied as
an etching gas, the power was 3000 W, the bias power was 110
W, and the pressure was 0.67 Pa. By this etching, the source
electrode layer and the drain electrode layer having stepped-
shape periphery portions were formed.

Next, a 20-nm-thick silicon oxynitride film to be a gate
insulating layer was formed over the source electrode layer
and the drain electrode layer. For the formation of the silicon
oxynitride film, silane with a flow rate of 1 sccm and dinitro-
gen monoxide with a flow rate of 800 sccm as a source gas
were supplied to a treatment chamber, and a power of 150 W
was supplied with the use of a 60 MHz high-frequency power
source. Further, the temperature of the substrate at the forma-
tion of the silicon oxynitride film was 350° C. Here, the
deposition pressure was set to 200 Pa for Example Transistor
and 40 Pa for Comparative Transistor.

A stack of a 30-nm-thick tantalum nitride film and a 135-
nm-thick tungsten film to be a gate electrode layer was
formed over the gate insulating layer by a sputtering method.
Deposition conditions were as follows: for the tantalum
nitride film, argon (Ar) with a flow rate of 50 sccm and
nitrogen (N,) with a flow rate of 10 sccm were supplied, the
pressure was 0.6 Pa, and the power was 1 kW; and for the
tungsten film, argon (Ar) with a flow rate of 100 sccm was
supplied, the pressure was 2 Pa, and the power was 4 kW.

Next, the stack of the tantalum nitride film and the tungsten
film was etched by an ICP etching method. This etching
included first etching in which chlorine (Cl,) with a flow rate
of'45 scem, carbon tetrafluoride (CF,) with a flow rate of 55
sccm, and oxygen (O,) with a flow rate of 55 sccm were
supplied as an etching gas, the power was 3000 W, the bias
power was 110 W, and the pressure was 0.67 Pa; and second
etching in which chlorine (Cl,) with a flow rate of 100 sccm
was supplied as an etching gas, the power was 2000 W, the
bias power was 50 W, and the pressure was 0.67 Pa.

Next, a stack of a 50-nm-thick silicon nitride film and a
300-nm-thick silicon oxynitride film to be an interlayer insu-
lating layer was formed. The silicon nitride film was formed
by a plasma CVD method under the following conditions:
silane with a flow rate of 20 sccm and nitrogen with a flow rate
of 500 sccm as a source gas were supplied to a treatment
chamber, and a power of 900 W was supplied with the use of
a 27.12 MHz high-frequency power source. Further, the tem-
perature of the substrate at the formation of the silicon nitride
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film was 350° C. The silicon oxynitride film was formed by a
plasma CVD method under the following conditions: silane
with a flow rate of 5 sccm and dinitrogen monoxide with a
flow rate of 1000 sccm as a source gas were supplied to a
treatment chamber, and a power of 35 W was supplied with
the use of a 13.56 MHz high-frequency power source. Fur-
ther, the temperature of the substrate at the formation of the
silicon oxynitride film was 325° C.

FIG. 34 shows the gate voltage (Vg)-drain current (Id)
characteristics of Example Transistor and Comparative Tran-
sistor at a drain voltage (Vd) of 3.3 V and the field-effect
mobility of the transistors with respect to the gate voltage at a
drain voltage of 0.1 V.

In FIG. 34, the left vertical axis represents the Id of the
transistors; the solid line shows the result of Example Tran-
sistor and the dotted line shows the result of Comparative
Transistor. The Vg-1d characteristics of the transistors were
almost the same; thus, Vg-1d curves in FIG. 34 overlap with
each other. The right vertical axis represents the field-effect
mobility of the transistors; the solid line shows the result of
Example Transistor and the dotted line shows the result of
Comparative Transistor. Note that the field-effect mobility
was obtained by operation of each transistor in a saturation
region.

Example Transistor and Comparative Transistor had
almost the same Vg-Id characteristics, whereas Example
Transistor had higher field-effect mobility than Comparative
Transistor at low gate voltage. In particular, Example Tran-
sistor had a field-effect mobility as high as about 5 cm*/ Vs at
a gate voltage of 1 V.

These results show that a transistor including a gate insu-
lating layer deposited at a high pressure, which can be used in
a semiconductor device of one embodiment of the present
invention, is capable of high-speed operation even at a low
voltage.

EXAMPLE 7

In this example, characteristics of transistors, each of
which is a semiconductor device of one embodiment of the
present invention, were evaluated. First, a method for fabri-
cating the transistors employed in this example is described.
In this example, transistors with a structure similar to that of
the transistor illustrated in FIG. 5B were fabricated; thus,
description is given using the reference numerals in FIG. 5B
as appropriate.

A 300-nm-thick silicon oxynitride film as the base insulat-
ing layer 402 was formed over a single crystal silicon sub-
strate by a plasma CVD method. For the formation of the
silicon oxynitride film, silane with a flow rate 0o 2.3 sccm and
dinitrogen monoxide with a flow rate of 800 sccm as a source
gas were supplied to a treatment chamber, and a power of 50
W was supplied with the use of a 27.12 MHz high-frequency
power source. Further, the temperature of the substrate at the
formation of'the silicon oxynitride film was 450° C. Note that
the plasma CVD apparatus used in this example is a parallel-
plate plasma CVD apparatus in which the electrode area is
615 cm? and the power density is 8.1x1072 W/cm?.

Next, a surface of the silicon oxynitride film was subjected
to polishing treatment by a chemical mechanical polishing
method, so that the average surface roughness (R,) of the
surface of the silicon oxynitride film was approximately 0.2
nm. Then, oxygen was implanted to the silicon oxynitride
film by an ion implantation method. The conditions of the
oxygen implantation were as follows: an acceleration voltage
of 60 kV and a dosage of 2x10'® jons/cm?.
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Next, in order to form the oxide stack 404, an oxide layer,
an oxide semiconductor layer, and another oxide layer were
formed in succession. As an oxide layer to be the oxide layer
404a, a S-nm-thick In—Ga—7n oxide layer was formed by a
sputtering method using an oxide target containing In, Ga,
and Zn at an atomic ratio of'1:3:2. Deposition conditions were
as follows: argon with a flow rate of 30 sccm and oxygen with
a flow rate of 15 sccm as a sputtering gas were supplied, the
pressure was 0.4 Pa, the power was 0.5 kW, and the substrate
temperature was 200° C.

As an oxide semiconductor layer to be the oxide semicon-
ductor layer 4045, a 15-nm-thick In—Ga—Z7n oxide layer
was formed by a sputtering method using an oxide target
containing In, Ga, and Zn at an atomic ratio of 1:1:1. Depo-
sition conditions were as follows: argon with a flow rate of 30
sccm and oxygen with a flow rate of 15 scem as a sputtering
gas were supplied, the pressure was 0.4 Pa, the power was 0.5
kW, and the substrate temperature was 300° C. A 5-nm-thick
oxide layer to be the oxide layer 404¢ was formed over the
oxide semiconductor layer under conditions similar to those
for the oxide layer to be the oxide layer 404a.

Then, the stack of the In—Ga—Z7n oxide layers was etched
by an inductively coupled plasma (ICP) etching method
under the following conditions: boron trichloride (BCl;) with
aflow rate of 60 sccm and chlorine (Cl,) with a flow rate of 20
sccm as an etching gas were supplied, the power was 450 W,
the bias power was 100 W, and the pressure was 1.9 Pa. By
this etching, the stack was processed into an island shape and
the oxide layer 404q, the oxide semiconductor layer 4045,
and the oxide layer 404¢ were formed.

Next, a 100-nm-thick tungsten film to be the source elec-
trode layer 4064 and the drain electrode layer 4065 was
formed over the base insulating layer 402 and the oxide stack
404 by a sputtering method.

Then, the tungsten film was etched by an ICP etching
method. This etching included first etching in which chlorine
(Cl,) with a flow rate of 45 sccm, carbon tetrafluoride (CF,)
with a flow rate of 55 sccm, and oxygen (O,) with a flow rate
of 55 sccm were supplied as an etching gas, the power was
3000 W, the bias power was 110 W, and the pressure was 0.67
Pa; second etching in which oxygen (O,) with a flow rate of
100 sccm was supplied as an etching gas, the power was 2000
W, the bias power was 0 W, and the pressure was 3 Pa; and
third etching in which chlorine (Cl,) with a flow rate of 45
sccm, carbon tetrafiuoride (CF,) with a flow rate of 55 scem,
and oxygen (O,) with a flow rate of 55 sccm were supplied as
an etching gas, the power was 3000 W, the bias power was 110
W, and the pressure was 0.67 Pa. By this etching, the source
electrode layer 406a and the drain electrode layer 4065 hav-
ing stepped-shape periphery portions were formed.

Next, a 20-nm-thick silicon oxynitride film to be the gate
insulating layer 408 was formed over the source electrode
layer 4064 and the drain electrode layer 4065. For the forma-
tion of the silicon oxynitride film, silane with a flow rate of 1
sccm and dinitrogen monoxide with a flow rate of 800 sccm as
a source gas were supplied to a treatment chamber, and a
power of 150 W was supplied with the use of a 60 MHz
high-frequency power source. Further, the temperature of the
substrate was 350° C. and the deposition pressure was 200 Pa
at the formation of the silicon oxynitride film.

Then, a stack of a 30-nm-thick tantalum nitride film and a
135-nm-thick tungsten film to be the gate electrode layer 410
was formed over the gate insulating layer 408 by a sputtering
method. Deposition conditions were as follows: for the tan-
talum nitride film, argon (Ar) with a flow rate of 50 sccm and
nitrogen (N,) with a flow rate of 10 sccm were supplied, the
pressure was 0.6 Pa, and the power was 1 kW; and for the
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tungsten film, argon (Ar) with a flow rate of 100 sccm was
supplied, the pressure was 2 Pa, and the power was 4 kW.

Next, the stack of the tantalum nitride film and the tungsten
film was etched by an ICP etching method. This etching
included first etching in which chlorine (Cl,) with a flow rate
ot 45 scem, carbon tetrafluoride (CF,) with a flow rate of 55
sccm, and oxygen (O,) with a flow rate of 55 sccm were
supplied as an etching gas, the power was 3000 W, the bias
power was 110 W, and the pressure was 0.67 Pa; and second
etching in which chlorine (Cl,) with a flow rate of 100 sccm
was supplied as an etching gas, the power was 2000 W, the
bias power was 50 W, and the pressure was 0.67 Pa.

Next, a stack of a 50-nm-thick silicon nitride film and a
300-nm-thick silicon oxynitride film to be the interlayer insu-
lating layer 412 was formed. The silicon nitride film was
formed by a plasma CVD method under the following con-
ditions: silane with a flow rate of 20 sccm and nitrogen with a
flow rate of 500 sccm as a source gas were supplied to a
treatment chamber, and a power of 900 W was supplied with
the use of a 27.12 MHz high-frequency power source. Fur-
ther, the temperature of the substrate at the formation of the
silicon nitride film was 350° C. The silicon oxynitride film
was formed by a plasma CVD method under the following
conditions: silane with a flow rate of 5 sccm and dinitrogen
monoxide with a flow rate of 1000 sccm as a source gas were
supplied to a treatment chamber, and a power of 35 W was
supplied with the use of a 13.56 MHz high-frequency power
source. Further, the temperature of the substrate at the forma-
tion of the silicon oxynitride film was 325° C.

After formation of the interlayer insulating layer 412, heat
treatment was performed in an oxygen atmosphere. Here, the
transistor which was subjected to heat treatment at 350° C. for
one hour is Sample H1, and the transistor which was sub-
jected to heat treatment at 450° C. for one hour is Sample H2.

Next, a method for fabricating Comparative Sample H3 is
described. Comparative Sample H3 has the same structure as
Sample H1 and Sample H2 except that the oxide layer 404a
and the oxide layer 404¢ are omitted and that heat treat after
formation of the interlayer insulating layer 412 is skipped.

The electrical characteristics of Sample H1, Sample H2,
and Comparative Sample H3 fabricated in the above manner
were measured. FIG. 35A shows the Vg-1d characteristics of
the transistors at a drain voltage (Vd) of 3.3 V, and FIG. 35B
shows the Vg-Id characteristics of the transistors at a drain
voltage of 0.1 V.

The dotted line, the solid line, and the dashed-dotted line in
each of FIGS. 35A and 35B show the Vg-1d characteristics of
Sample H1, Sample H2, and Comparative Sample H3,
respectively.

FIGS. 35A and 35B show that the threshold voltages of
Sample H1 and Sample H2 were higher than that of Com-
parative Sample H3 at both the drain voltage 0f 0.1 V and the
drain voltage 0f 3.3 V and that Sample H1 and Sample H2 are
transistors with low off-state current at a gate voltage of O V.
In particular, drain current of Sample H2 was less than 1x10~
12 A at a gate voltage of 0V, which means that Sample H2 has
normally-off electrical characteristics.

Next, Sample H1, Sample H2, and Comparative Sample
H3 were subjected to a bias-temperature stress test (BT stress
test) and the characteristics thereof were compared.

A measurement method in a positive BT stress test is
described. To measure electrical characteristics in the initial
state (a state before stress application) of the target transis-
tors, a change in current (drain current (Id)) between the
source and the drain, that is, Vg-Id characteristics were mea-
sured under the following conditions: the substrate tempera-
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ture was 40° C., the drain voltage was 0.1 V or 3.3V, and the
gate voltage was swept from -4 V to +4 V.

Next, the substrate temperature was increased to 150° C.,
and then, the drain voltage of each transistor was set to 0 V.
After that, a gate voltage of 3.3 V was applied so that the
intensity of the electric field applied to the gate insulating
layer was 1.65 MV/cm. The gate voltage was kept being
applied for 3600 seconds.

Note that a gate voltage of -3.3 V was applied in a negative
BT stress test.

FIG. 36 shows the results of the BT stress test. As shown in
FIG. 36, the amount of change in threshold voltage (AVth) in
the positive gate BT stress test was 0.12 V in Sample HI,
-0.19 V in Sample H2, and 0.44 V in Comparative Sample
H3. The amount of change in shift value (Ashift) in the posi-
tive gate BT stress test was 0.09 V in Sample H1, -0.05V in
Sample H2, and 0.24 V in Comparative Sample H3. The
amount of change in threshold voltage in the negative gate BT
stress test was 0.19 V in Sample H1, —0.08 V in Sample H2,
and —0.20 V in Comparative Sample H3. The amount of
change in shift value in the negative gate BT stress test was
-0.07 V in Sample H1, -0.06 V in Sample H2, and -0.24 V in
Comparative Sample H3. According to FIG. 36, the amount
of'change in the BT stress test was smaller in Sample H1 and
Sample H2 than in Comparative Sample H3. This shows that
Sample H1 and Sample H2 of one embodiment of the present
invention have higher reliability than Comparative Sample
H3.

It was found from the above results that a transistor of one
embodiment of the present invention is a highly reliable tran-
sistor which has a high threshold voltage (normally-off elec-
trical characteristics), low off-state current, and a small
amount of change in a gate BT stress test.

EXAMPLE 8

In this example, characteristics of transistors, each of
which is a semiconductor device of one embodiment of the
present invention, were evaluated. First, a method for fabri-
cating the transistors employed in this example is described.
In this example, transistors with a structure similar to that of
the transistor illustrated in FIG. 5B were fabricated; thus,
description is given using the reference numerals in FIG. 5B
as appropriate.

A 300-nm-thick silicon oxynitride film as the base insulat-
ing layer 402 was formed over a single crystal silicon sub-
strate by a plasma CVD method. For the formation of the
silicon oxynitride film, silane with a flow rate 0of 2.3 sccm and
dinitrogen monoxide with a flow rate of 800 sccm as a source
gas were supplied to a treatment chamber, and a power of 50
W was supplied with the use of a 27.12 MHz high-frequency
power source. Further, the temperature of the substrate at the
formation of'the silicon oxynitride film was 450° C. Note that
the plasma CVD apparatus used in this example is a parallel-
plate plasma CVD apparatus in which the electrode area is
615 cm? and the power density is 8.1x1072 W/cm?.

Next, a surface of the silicon oxynitride film was subjected
to polishing treatment by a chemical mechanical polishing
method, so that the average surface roughness (R,) of the
surface of the silicon oxynitride film was approximately 0.2
nm. Then, oxygen was implanted to the silicon oxynitride
film by an ion implantation method. The conditions of the
oxygen implantation were as follows: an acceleration voltage
of 60 kV and a dosage of 2x10'® jons/cm?.

Next, in order to form the oxide stack 404, an oxide layer,
an oxide semiconductor layer, and another oxide layer were
formed in succession. As an oxide layer to be the oxide layer
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404a, an In—Ga—7n oxide layer was formed by a sputtering
method using an oxide target containing In, Ga, and Zn at an
atomic ratio of 1:3:2. The thickness of the In—Ga—Zn oxide
layer was varied (5 nm and 20 nm). Deposition conditions
were as follows: argon with a flow rate of 30 sccm and oxygen
with a flow rate of 15 sccm as a sputtering gas were supplied,
the pressure was 0.4 Pa, the power was 0.5 kW, and the
substrate temperature was 200° C.

As an oxide semiconductor layer to be the oxide semicon-
ductor layer 4045, a 15-nm-thick In—Ga—Z7n oxide layer
was formed by a sputtering method using an oxide target
containing In, Ga, and Zn at an atomic ratio of 1:1:1. Depo-
sition conditions were as follows: argon with a flow rate of 30
sccm and oxygen with a flow rate of 15 scem as a sputtering
gas were supplied, the pressure was 0.4 Pa, the power was 0.5
kW, and the substrate temperature was 300° C. A 5-nm-thick
oxide layer to be the oxide layer 404c¢ was formed over the
oxide semiconductor layer under conditions similar to those
for the oxide layer to be the oxide layer 404a.

Then, the stack ofthe In—Ga—Z7n oxide layers was etched
by an inductively coupled plasma (ICP) etching method
under the following conditions: boron trichloride (BCl,) with
aflow rate of 60 sccm and chlorine (Cl,) with a flow rate of 20
sccm as an etching gas were supplied, the power was 450 W,
the bias power was 100 W, and the pressure was 1.9 Pa. By
this etching, the stack was processed into an island shape and
the oxide layer 4044, the oxide semiconductor layer 4045,
and the oxide layer 404¢ were formed.

Next, a 100-nm-thick tungsten film to be the source elec-
trode layer 4064 and the drain electrode layer 4065 was
formed over the base insulating layer 402 and the oxide stack
404 by a sputtering method.

Then, the tungsten film was etched by an ICP etching
method. This etching included first etching in which chlorine
(Cl,) with a flow rate of 45 sccm, carbon tetrafluoride (CF,)
with a flow rate of 55 sccm, and oxygen (O,) with a flow rate
of 55 sccm were supplied as an etching gas, the power was
3000 W, the bias power was 110 W, and the pressure was 0.67
Pa; second etching in which oxygen (O,) with a flow rate of
100 sccm was supplied as an etching gas, the power was 2000
W, the bias power was 0 W, and the pressure was 3 Pa; and
third etching in which chlorine (Cl,) with a flow rate of 45
sccm, carbon tetrafiuoride (CF,) with a flow rate of 55 scem,
and oxygen (O,) with a flow rate of 55 sccm were supplied as
anetching gas, the power was 3000 W, the bias power was 110
W, and the pressure was 0.67 Pa. By this etching, the source
electrode layer 406a and the drain electrode layer 4065 hav-
ing stepped-shape periphery portions were formed.

Next, a 20-nm-thick silicon oxynitride film to be the gate
insulating layer 408 was formed over the source electrode
layer 4064 and the drain electrode layer 4065. For the forma-
tion of the silicon oxynitride film, silane with a flow rate of 1
sccm and dinitrogen monoxide with a flow rate of 800 sccm as
a source gas were supplied to a treatment chamber, and a
power of 150 W was supplied with the use of a 60 MHz
high-frequency power source. Further, the temperature of the
substrate was 350° C. and the deposition pressure was varied
(200 Pa, 100 Pa, and 40 Pa) at the formation of the silicon
oxynitride film.

Then, a stack of a 30-nm-thick tantalum nitride film and a
135-nm-thick tungsten film to be the gate electrode layer 410
was formed over the gate insulating layer 408 by a sputtering
method. Deposition conditions were as follows: for the tan-
talum nitride film, argon (Ar) with a flow rate of 50 sccm and
nitrogen (N,) with a flow rate of 10 sccm were supplied, the
pressure was 0.6 Pa, and the power was 1 kW; and for the
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tungsten film, argon (Ar) with a flow rate of 100 sccm was
supplied, the pressure was 2 Pa, and the power was 4 kW.

Next, the stack of the tantalum nitride film and the tungsten
film was etched by an ICP etching method. This etching
included first etching in which chlorine (Cl,) with a flow rate
of'45 scem, carbon tetrafluoride (CF,) with a flow rate of 55
sccm, and oxygen (O,) with a flow rate of 55 sccm were
supplied as an etching gas, the power was 3000 W, the bias
power was 110 W, and the pressure was 0.67 Pa; and second
etching in which chlorine (Cl,) with a flow rate of 100 sccm
was supplied as an etching gas, the power was 2000 W, the
bias power was 50 W, and the pressure was 0.67 Pa.

Next, a stack of a 50-nm-thick silicon nitride film and a
300-nm-thick silicon oxynitride film to be the interlayer insu-
lating layer 412 was formed. The silicon nitride film was
formed by a plasma CVD method under the following con-
ditions: silane with a flow rate of 20 sccm and nitrogen with a
flow rate of 500 sccm as a source gas were supplied to a
treatment chamber, and a power of 900 W was supplied with
the use of a 27.12 MHz high-frequency power source. Fur-
ther, the temperature of the substrate at the formation of the
silicon nitride film was 350° C. The silicon oxynitride film
was formed by a plasma CVD method under the following
conditions: silane with a flow rate of 5 sccm and dinitrogen
monoxide with a flow rate of 1000 sccm as a source gas were
supplied to a treatment chamber, and a power of 35 W was
supplied with the use of a 13.56 MHz high-frequency power
source. Further, the temperature of the substrate at the forma-
tion of the silicon oxynitride film was 325° C.

After formation of the interlayer insulating layer 412, heat
treatment was performed at 450° C. in a nitrogen atmosphere
for one hour and then heat treatment was performed at 450° C.
in an oxygen atmosphere for one hour.

For comparison, samples in which the oxide layer 404a and
the oxide layer 404¢ are omitted were prepared by the above
method for fabricating samples.

Table 1 briefly shows fabrication conditions of the samples
in this example.

TABLE 1
Gate

Sample  Insulating  Oxide Layer Oxide Oxide Layer
Name Layer (404a) Semiconductor (404c)

11 200 Pa not formed 15 nm not formed

2 100 Pa

3 40 Pa

14 200 Pa 5nm 15 nm 5nm

15 100 Pa

16 40 Pa

17 200 Pa 20 nm 15 nm 5nm

B 100 Pa

19 40 Pa

Samples 11 to 19 fabricated in the above manner were
subjected to a positive BT stress test and a negative BT stress
test, and the Vig-Id characteristics thereof before and after the
tests were compared. In measuring the Vg-Id characteristics,
the drain voltage was setto 0.1 V or 3.3 V and the gate voltage
was swept from -4 V to +4 V. FIGS. 37A1, 37A2, 37B1,
37B2, 37C1, and 37C2, FIGS. 38A1, 38A2, 38B1, 38B2,
38C1,and 38C2, and FIGS. 39A1, 39A2, 39B1, 39B2, 39C1,
and 39C2 show the Vg-Id characteristics before and after the
tests.

FIG. 37A1 shows the Vg-Id characteristics of Sample 11
before and after the positive BT stress test. FIG. 37A2 shows
the Vg-1d characteristics of Sample 11 before and after the
negative BT stress test. FIG. 37B1 shows the Vg-Id charac-
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teristics of Sample 12 before and after the positive BT stress
test. FIG. 37B2 shows the Vg-1d characteristics of Sample 12
before and after the negative BT stress test. FIG. 37C1 shows
the Vg-Id characteristics of Sample 13 before and after the
positive BT stress test. FIG. 37C2 shows the Vg-Id charac-
teristics of Sample 13 before and after the negative BT stress
test. FIG. 38 A1 shows the Vg-1d characteristics of Sample 14
before and after the positive BT stress test. FIG. 38A2 shows
the Vg-Id characteristics of Sample 14 before and after the
negative BT stress test. FIG. 38B1 shows the Vg-Id charac-
teristics of Sample 15 before and after the positive BT stress
test. FIG. 38B2 shows the Vg-1d characteristics of Sample 15
before and after the negative BT stress test. FIG. 38C1 shows
the Vg-Id characteristics of Sample 16 before and after the
positive BT stress test. FIG. 38C2 shows the Vg-Id charac-
teristics of Sample 16 before and after the negative BT stress
test. FIG. 39 A1 shows the Vg-1d characteristics of Sample 17
before and after the positive BT stress test. FIG. 39A2 shows
the Vg-Id characteristics of Sample 17 before and after the
negative BT stress test. FIG. 39B1 shows the Vg-Id charac-
teristics of Sample 18 before and after the positive BT stress
test. FIG. 39B2 shows the Vg-1d characteristics of Sample I8
before and after the negative BT stress test. FIG. 39C1 shows
the Vg-Id characteristics of Sample 19 before and after the
positive BT stress test. FIG. 39C2 shows the Vg-Id charac-
teristics of Sample 19 before and after the negative BT stress
test. In each graph, the solid line represents the Vg-Id char-
acteristics before the test and the dotted line represents the
Vg-1d characteristics after the test.

FIG. 40 shows the amounts of change in threshold voltage
(AVth) and shift value (AShift) due to the tests. Refer to the
description in Example 7 for conditions of the positive BT
stress test and the negative BT stress test.

FIGS. 37A1, 37A2, 37B1, 37B2, 37C1, and 37C2, FIGS.
38A1, 38A2, 38B1, 38B2, 38C1, and 38C2, FIGS. 39A1,
39A2, 39B1, 39B2, 39C1, and 39C2, and FIG. 40 show that
the amounts of change in threshold voltage and shift value
between before and after the positive BT stress test and
between before and after the negative BT stress test were
particularly small in Sample 14, Sample IS5, Sample 17, and
Sample I8.

According to this example, a transistor in which the
amounts of change in threshold voltage and shift value are
particularly small and which can be applied to a semiconduc-
tor device of one embodiment of the present invention has
extremely high reliability.

This application is based on Japanese Patent Application
serial no. 2012-230363 filed with Japan Patent Office on Oct.
17,2012, Japanese Patent Application serial no. 2012-252327
filed with Japan Patent Office on Nov. 16,2012, and Japanese
Patent Application serial no. 2013-052623 filed with Japan
Patent Office on Mar. 15, 2013, the entire contents of which
are hereby incorporated by reference.

What is claimed is:
1. A method for manufacturing a semiconductor device,
comprising the steps of:
forming an oxide stack over a substrate;
forming a first insulating layer comprising oxygen over the
oxide stack; and
forming a gate electrode over the first insulating layer,
wherein the oxide stack comprises:
a first oxide layer comprising indium over the substrate;
an oxide semiconductor layer comprising indium over
the first oxide layer; and
a second oxide layer comprising indium over the oxide
semiconductor layer,
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wherein the first insulating layer is formed under a pressure
higher than or equal to 100 Pa and lower than or equal to
300 Pa.

2. The method according to claim 1, wherein the oxide
semiconductor layer has a spin density of 1.5x10'® spins/cm?
or less.

3. The method according to claim 1, wherein the first
insulating layer has a spin density of 2x10'® spins/cm® or
more.

4. The method according to claim 1, wherein the first
insulating layer is a silicon oxynitride layer.

5. The method according to claim 1, wherein at least any
one of the first oxide layer, the oxide semiconductor layer, and
the second oxide layer comprises gallium.

6. The method according to claim 1, wherein at least any
one of the first oxide layer, the oxide semiconductor layer, and
the second oxide layer comprises zinc.

7. The method according to claim 1, wherein the first
insulating layer is formed by a plasma CVD method.

8. The method according to claim 1, further comprising the
step of forming a source electrode and a drain electrode over
the second oxide layer, wherein the first insulating layer is
formed over the source electrode and the drain electrode.

9. The method according to claim 1, wherein a difference in
electron affinity between the oxide semiconductor layer and
at least any one of the first oxide layer and the second oxide
layer is greater than or equal to 0.1 eV.

10. The method according to claim 1, further comprising
the step of forming a second insulating layer over the sub-
strate,

wherein the first oxide layer is formed over the second

insulating layer, and

wherein oxygen is added into the second insulating layer

after the second insulating layer is formed.

11. The method according to claim 1, further comprising
the step of performing heat treatment at a temperature higher
than or equal to 300° C. and lower than 450° C. after the first
insulating layer is formed.

12. A method for manufacturing a semiconductor device,
comprising the steps of:

forming an oxide stack over a substrate;

forming a first insulating layer comprising oxygen over the

oxide stack; and
forming a gate electrode over the first insulating layer,
wherein the oxide stack comprises:
a first oxide layer comprising indium over the substrate;
an oxide semiconductor layer comprising indium over
the first oxide layer; and
a second oxide layer comprising indium over the oxide
semiconductor layer,
wherein the first insulating layer is formed under a pressure
higher than or equal to 100 Pa and lower than or equal to
300 Pa, and

wherein an electron affinity of the oxide semiconductor
layer is larger than that of the first oxide layer and that of
the second oxide layer.

13. The method according to claim 12, wherein the oxide
semiconductor layer has a spin density of 1.5x10'® spins/cm’
or less.

14. The method according to claim 12, wherein the first
insulating layer has a spin density of 2x10'® spins/cm® or
more.

15. The method according to claim 12, wherein the first
insulating layer is a silicon oxynitride layer.

16. The method according to claim 12, wherein at least any
one of the first oxide layer, the oxide semiconductor layer, and
the second oxide layer comprises gallium.
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17. The method according to claim 12, wherein at least any
one of the first oxide layer, the oxide semiconductor layer, and
the second oxide layer comprises zinc.

18. The method according to claim 12, wherein the first
insulating layer is formed by a plasma CVD method.

19. The method according to claim 12, further comprising
the step of forming a source electrode and a drain electrode
over the second oxide layer, wherein the first insulating layer
is formed over the source electrode and the drain electrode.

20. The method according to claim 12, wherein a difter-
ence in electron affinity between the oxide semiconductor
layer and at least any one of the first oxide layer and the
second oxide layer is greater than or equal to 0.1 eV.

21. The method according to claim 12, further comprising
the step of forming a second insulating layer over the sub-
strate,

wherein the first oxide layer is formed over the second

insulating layer, and

wherein oxygen is added into the second insulating layer

after the second insulating layer is formed.

22. The method according to claim 12, further comprising
the step of performing heat treatment at a temperature higher
than or equal to 300° C. and lower than 450° C. after the first
insulating layer is formed.
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